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The  Purpose  of  the  ION 

The  Institute  of  Navigation  is  a  scientific,  non-profit  organization, 
founded  in  1945.  Its  programs  are  directed  toward  elevating  standards 
of  navigation  by  coordinating  the  knowledge  and  achievement  of 
practicing  navigators,  scientists  and  those  involved  in  the  development 
and  production  of  navigation  equipment. 


jorna 


ACKNOWLEDGMENTS 

The  Institute  wishes  to  acknowledge  the  combined  efforts  of  a  dedicated  group  of  individuals  whose  contributions  were  invaluable  to  the  success 
of  GPS-95  Meeting.  This  acknowledgement  is  in  no  way  all  inclusive,  but  serves  as  recognition  of  principal  contributors. 


Dr.  Richard  Greenspan 
General  Chair 


Dr.  M.  Elizabeth  Cannon 
Program  Chair 


ION  GPS-S4  PROGRAM  CHAIRS 


Mr.  Mark  Leach 
Technical  Chair  Track  A 


Mr.  Ron  Hatch 
Technical  Chair  Track  B 


MEETING  ORGANIZERS 


Ms.  Karen  Van  Dyke  Dr.  Peter  Daly 

Technical  Chair  Track  C  Technical  Chair  Track  D 


Mr.  Phillip  Ward: 
Mr.  Gaylord  Green: 

Mr.  Ron  Hatch: 
Dr.  Penina  Axelrad: 
Col.  Zdzislaw  (Stan)  Lewantowicz: 
Ms.  Carolyn  McDonald: 
Mr.  Ken  Holland: 
Mr.  Loic  Camberlein: 

Mr.  Otto  Pietersen: 
Dr.  Masaaki  Murata: 
WGCDR  Keith  McPherson: 
Sqdm.  Ldr.  Scott  Wallis: 
Mr.  Naser  El-Sheimy: 
Mr.  Gaylord  Green: 
Mr,  James  Thebeau: 
Dr.  R.  Grover  Brown: 
Mr.  Phillip  Arndt: 
Mr.  Ron  Hatch: 


ION  Satellite  Division  Chair 
Satellite  Division  Vice  Chair 
Satellite  Division  Treasurer 
Satellite  Division  Secretary 
ION  President 
ION  Meetings  Chair 

Technical  Chair  Product  Training  &  Demonstration 

European  Technical  Advisor 

European  Technical  Advisor 

Asian  Technical  Advisor 

Australian  Technical  Advisor 

Australian  Technical  Advisor 

Student  Session  Chair 

Conference  Publicity  Chair 

Press  Relations  Chair 

Publications  Chair 

Exhibit  Publicity  Chair 

Awards  Chair 


SE8GI0N  CHAIRS  &  CO-CHAIRS 


Session  A 1 -Surveying  and  Geodesy: 
Session  B  1-Product  Announcements: 
Session  Cl-Space  Applications: 
Session  D  1-Student  Competition  Winners: 
Session  A2-Military  Applications  and  Requirements: 
Session  B2-DGPS  Technology  and  Applications: 
Session  C2-Space:  Orbit  and  Attitude: 
Session  D2-Wide  Area  Augmentation  Systems: 

Session  A3-Precision  Landing: 
Session  B3-Specialized  User  Equipment  Technology: 

Session  C3-Maritime  Applications: 
Session  D3-GLONASS: 
Session  A4-DGPS  Algorithms: 
Session  B4-Earth  Observation  and  Timing: 
Session  C4-Land  Vehicular  Applications: 
Session  D4-GNSS  Policy  and  Technology  Issues: 
Session  A5-Precise  Real-Time  Positioning: 
Session  B5-GPS  User  Equipment  Technology: 
Session  C5-Airbome  Applications: 
Session  D5-GPS  Reference  and  Testing: 
Session  A6-Attitude  Determination: 

Session  B6-Integrated  Systems: 
Session  C6-Emerging  Applications: 

Session  D6-Integrity: 


Chair,  Mr.  Steve  Malys;  Co-Chair,  Dr.  Tom  Herring 

Chair,  Dr.  Jim  Sennott;  Co-Chair,  Ms.  Debra  Diefes 

Chair,  Dr.  Willy  Bertiger 

Chair,  Mr.  Naser  El-Sheimy 

Chair,  Dr.  Arnold  Tucker;  Co-Chair,  Mr.  Ben  Roth 

Chair,  Dr.  Alison  Brown;  Co-Chair,  Dr.  Trent  Skidmore 

Chair,  Dr.  Bob  Schutz;  Co-Chair,  Mr.  Kenn  Gold 

Chair,  Dr.  Sally  Basker;  Co-Chair,  Mr.  Bruce  DeCleene 

Chair,  Dr.  Per  Enge;  Co-Chair,  Ms.  Cecelia  Feit 

Chair,  Capt.  Ben  Peterson;  Co-Chair,  Dr.  Triveni  Upadhyay 

Chair,  Mr.  Jim  Morgan;  Co-Chair,  Mr.  Fred  Forbes 

Chair,  Mr.  Scott  Feairheller;  Co-Chair,  Dr.  Jacques  Beser 

Chair,  Dr.  Gerard  Lachapelle;  Co-Chair,  Dr.  Paul  Cross 

Chair,  Mr.  David  Allan;  Co-Chair,  Mr.  Greg  Bishop 

Chair,  Mr.  Robert  Denaro;  Co-Chair,  Mr.  Jim  Arnold 

Chair,  Mr.  Keith  McDonald;  Co-Chair,  Maj.  Gen.  Ralph  Jacobson,  USAF,  Ret. 

Chair,  Ms.  Sally  Frodge;  Co-Chair,  Mr.  Richard  Barker 

Chair,  Dr.  Sergei  Gourevitch;  Co-Chair,  Dr.  Durk  Van  Willigen 

Chair,  Mr.  Warren  Hundley;  Co-Chair,  Ms.  Lois  Pilley 

Chair,  Mr.  Mike  Hadfield;  Co-Chair,  Mr.  Stewart  Teasley 

Chair,  Dr.  Penina  Axelrad;  Co-Chair,  Mr.  Ron  Brown 

Chair,  Mr.  Jeff  Geier;  Co-Chair,  Dr.  Manfred  Haverland 

Chair,  Mr.  Glen  Gibbons;  Co-Chair,  Dr.  David  Tyler 

Chair,  Dr.  John  Diesel;  Co-Chair,  Ms.  Marie  Lage 


UN  liPS-95  PROCEEDINGS  TABLE  OF  CONTBVTS 


Pleiianr  Sesnon 

GPS  ~  The  Ultima  Thule  of  Navigation 

James  Schlesinger,  Keynote  Speaker  ION  GPS-95 . . . 3-6 

Panel  Discussion:  GPS  Critical  Technology,  Policy,  and  Institutional  Issues 

Moderator:  Keith  McDonald,  Sat  Tech  Systems;  Panel  Members:  Dr.  James  Schlesinger,  Joseph  Canny, 

Gil  Klinger,  Larry  Adams,  Charles  Trimble,  Dr.  Scott  Pace,  and  Col.  John  Caldwell,  USAF . 7-14 

Session  A1:  Surveying  and  Geodesy 

A  Comparison  of  GPS  and  Satellite  Altimetry  for  Height  Monitoring  on  an  Offshore  Production  Platform 

Moira  Tighe  and  John  Macgregor,  Shell  U,K  Exploration  and  Production . 17-23 

A  GPS  Positioning  Results  Using  Precise  Satellite  Ephemerides,  Clock  Corrections  and  Ionospheric  Grid  Model  with  Jupiter 

Yang  Gao,  James  McLellan,  and  Mohamed  Abousalem,  Pulsearch  Navigation  Systems,  Inc . 25-34 

A  Compact  Earth  Tides  Algorithm  for  WADGPS 

James  Sinko,  SRI  International . 35-44 

Evaluation  of  DoD  GPS  Satellite  Orbits  Using  NASA  Laser  Ranging  Data 

James  O’Toole  and  Michael  Merrigan,  Naval  Surface  Warfare  Center . 45-54 

Improved  Ambiguity  Resolution  by  Regional  Differential  Modelling  of  the  Ionosphere 

Lambert  Wanninger,  TU  Dresden,  Germany . 55-62 

An  Efficient  Algorithm  for  Batch  Estimation  of  Non-Dynamic  Parameters  of  Double-Differenced  GPS  Phase  Measurement 

H.  Rim,  B.  Schutz,  and  B,  Tapley,  University  of  Texas  at  Austin . 63-71 

Determining  Earth  Orientation  by  Global  Positioning  System  at  the  US  Naval  Observatory 

Peter  Kammeyer  and  James  Rhode,  US  Naval  Observatory . 73-81 

Programme  of  Research  of  CEI  (Central  European  Initiative)  Countries  in  Geodesy  and  Geodynamics 

Janusz  Sledzinski,  Warsaw  University  of  Technology . 83-91 

Sakhalin  Island  GPS  Survey:  A  Case  History 

Paul  Godwin,  Mobile  Oil  Corporation;  Sergey  Duginov,  Pomona  Ltd.;  John  Brown,  Geodetic  Technology  Company . 93-104 

Economics  of  GPS  and  CORS 

William  Young,  Riverside;  Yehuda  Bock  and  Shelley  Marquez,  Scripps  Institute  of  Oceanography . 105-113 

Session  B1:  Product  Announcements 

Open  Architecture  Design  for  GPS  Applications 

Yves  Theroux,  Canadian  Marconi  Company . . 117-121 

Two  Piece  Chipset  for  GPS  Makes  a  Four  Chip  GPS  Receiver 

Philip  Mattos,  SGS-Thomson  Microelectronics . 123-132 

What’s  New  From  NovAtel 

Simon  Newby  and  Wendy  Corcoran,  NovAtel  Communications  Ltd. . 133-140 

GPS  Tensor^^  GPS  Receiver  for  Attitude  and  Orbit  Determination 

J.  Kurt  Brock,  Space  Systems/LORAL . 141-142 

Hitachi  HGA-D  Fiber  Optic  Gyroscope  for  Vehicular  Applications 

Bob  Yoshida,  Hitachi  Cable  America;  Vincent  Martinelh,  Coming  Incorporated . 143-146 

Honeywell’s  DGPS  Local  Area  Augmentation  System  Ground  Station 

Steve  Serfling,  Honeywell . 147-156 

Starwatch^^:  An  Off-the-Shelf  GPS  Asset  Location  System 

John  Lavrakas,  Advanced  Research  Corporation . 157-160 

The  XR5-PC12  ~  Position  and  Time/Frequency  From  a  Single  Plug-in  Module 

Tony  Haddrell,  Navstar  Systems  Ltd. . 161-166 

Ashtech  RTZ,  Real-Time  Kinematic  GPS  with  OTF  Initialization 

Sergei  Gourevitch,  Frank  van  Diggelen,  Xinhua  Qin,  and  Mark  Kuhl,  Ashtech . 167-170 


Session  Cl:  Space  Applications 


An  Autonomous  GNSS-based  Orbit  Determination  System  for  Low-Earth  Observation  Satellites 

Jorge  Potti,  Juan  Carlos  Carmona,  and  Pelayo  Bemedo,  GMV  S.A.;  Pierluigi  Silvestrin,  ESA/ESTEC . 173-182 

Results  of  a  Automated  GPS  IVacking  System  in  Support  of  Topex/Poseidon  and  GPSMet 

Ronald  Muellerschoen,  Stephen  Lichten,  Ulf  Lindqwister,  and  Willy  Bertiger,  Jet  Propulsion  Laboratory . 183-193 

GPS  Multipath  Modeling  and  Verification  Using  Geometrical  Theory  of  Diffraction 

Susan  Gomez,  Robert  Panneton,  and  Penny  Saunders,  NASA/LB  J  Space  Center;  Shian  and  Ba  Lu,  Lockheed  Martin .  195-204 

Application  of  Fuzzy  Logic  and  Multisensor  Data  Fusion  Techniques  to  On-board  GPS-based  Spacecraft  Navigation 

Stefano  Giacomini,  University  of  Milano;  Livio  Marradi,  LABEN  S.p.A . 205-216 

GPS  Autonomous  Relative  Navigation  and  Time  D-ansfer  for  Orbiting  Space  Vehicles 

Duncan  B.  Cox,  Jr.,  DBC  Communications,  Inc.;  John  D.W.  Brading,  Brading  Systems  and  Technology . 217-228 

GPS  Tracking  Experiment  of  a  Dree-Flyer  Deployed  from  Space  Shuttle 

Bob  Schutz,  P.A.M.  Abusali,  Christine  Schroeder,  and  Byron  Tapley,  University  of  Texas  at  Austin; 

Michael  Exner  and  Rick  McCloskey,  University  Corporation  for  Atmospheric  Research; 

Russell  Carpenter,  Michael  Cooke,  and  Samantha  McDonald,  NASA/Johnson  Space  Center; 

Nick  Combs,  University  of  Houston;  Courtney  Duncan,  Charles  Dunn,  and  Tom  Meehan,  NASA/JPL .  229-235 

GPS  Receiver  Design  and  Requirement  Analysis  for  the  Stanford  Gravity  Prohe  B  Relativity  Mission 

Hirohiko  Uematsu  and  Bradford  Parkinson,  Stanford  University;  E.  Glenn  Lightsey,  NASA  Goddard  Space  Flight  Center . .  237-246 

National  Satellite  Testbed  (NSTB)  GPS  Satellite  Clock/Ephemerls  Determination  Analysis  and  Results 

Scott  Pogorelc,  Mark  Lorenz,  Kelly  Murdock,  Brent  Harding,  Tim  Cashin,  and  Donna  Kraus,  Stanford  Telecommunications .  247-256 

GPS  Techniques  for  Navigation  of  Geostationary  Satellites 

Pascale  Ferrage,  Jean-Luc  Issler,  Genevieve  Campan,  and  Jean-Claude  Durand,  French  National  Space  Agency  (CNES) .  257-268 

Relative  GPS  Navigation  for  ATV  Rendezvous 

Michael  Frezet,  Herve  Marcille,  Virginie  Pascal,  and  Jean  Michael  Pairot,  Matra  Marconi  Space; 

Hubert  Barre,  Massimo  Cislaghi,  and  Ulrich  Thomas,  European  Space  Agency .  269-278 

Session  D1 ;  Student  Competition  Winners 

Aircraft  IVacking  Using  GPS  Position  and  Velocity  Reports 

Ran  Gazit,  Stanford  University .  281-290 

High  Precision  Highvt^ay  Profiles  Using  Helicopter  Borne  ‘On-The-Fly’  GPS 

Paul  Hansen  and  Chris  Joy,  The  University  of  Nottingham .  291-298 

A  New  Concept  for  GPS  Phase  Ambiguity  Resoultion  On-The-Fly: 

The  Maximum  a  Posteriori  Ambiguity  Search  (MAPAS)  Method 

Christophe  Macabiau,  Laboratoire  de  Traitement  du  Signal  et  des  Telecommunications  of  the  ENAC .  299-308 

A  New  Navigation  Algorithm  Using  Only  Information  From  Measurement 

Benlin  Xu,  University  of  New  Brunswick . 309-318 

A  Prototype  Portable  Vehicle  Navigation  System  Utilizing  Map  Aided  GPS 

Blake  Bullock,  The  University  of  Calgary . 319-329 

EHicient  Ambiguity  Search  Using  Genetic  Algorithms 

ZuofaLi,  The  University  of  Calgary . 331-337 

Airborne  Gravimetry  by  GNS/INS  A  Comparison  of  Filtering  Methods 

Youcef  Hanunada,  The  University  of  Calgary . . 339-347 

Ambiguity  Recovery  for  GPS  Long  Range  Kinematic  Positioning 

Shaowei  Han,  The  University  of  New  South  Wales . 349-360 

Session  A2:  Military  Applications  and  Requirements 

Use  of  the  GPS  Aided  Inertial  Navigation  System  in  the  Navy  Standard  Missile 
for  the  BMDO/Navy  LEAP  Technology  Demonstration  Program 

Todd  Moore,  Kevin  Rudolph,  and  Frank  Ziolkowski,  Hughes  Aircraft  Co.;  Alfred  Luckau,  Hughes  Missile  Systems  Co . 363-371 

Integrated  GPS/INS/SAR/GMTI  Radar  Precision  Targeting  Flight  Test  Results 

R.  Guarino  and  Paul  Isben,  Westinghouse  Norden  Systems . . . 373-379 


Anti- Jamming  Performance  of  TIDGET  in  Guided  Munitions  Applications 

Armando  Montalvo,  Bruce  Johnson,  and  Alison  Brown,  NAVSYS  Corporation.^ . 381-390 

Robust  Implementation  of  Relative  GPS  Guidance 

Mark  Youhanaie,  David  Hartman,  and  Frank  Ziokolwski,  Hughes  Aircraft  Co.;  Neeraj  Pujara,  Wright  Laboratory . 391-398 

A  Global  DoD-Optimized  DGPS  for  Precision-Strike 

Earl  Blackwell,  Mark  Moeglein,  and  David  Nakayama,  SRI  International . . .  399-411 

Navigation  Performance  Analysis  for  the  Edge  Program 

Donald  Kelly  and  Pamela  Harms,  Sverdrup/TEAS;  Capt.  John  Dargen,  USAF;  Chuck  Eckert,  Honeywell . 413-422 

Preliminary  Results  from  a  GPS-based  Portable  Impact  Location  System 

Jimmy  Saunders  and  Miguel  Cardoza . 423-430 

Precise  Absolute  Navigation:  An  Evaluation  of  PPS  Position  Improvement 

Bruce  Hermann,  Naval  Surface  Warfare  Center;  Stephen  Malys,  The  Defense  Mapping  Agency . 431-436 

GPS  Translator  for  Arttilleiy  Projectiles  -  A  Progress  Report 

George  Wiles,  US  Army  Research  Laboratory;  Jeff  Smuk,  Hittite  Microwave  Corporation . 437-441 

The  Reduction  of  Airborne  Magnetic  Noise  Via  GPS 

L.  Bobb,  W.  Gelatka,  D.  DePersia,  A.  Salik,  and  S.  Swyers,  Naval  Air  Warfare  Center . 443-447 

GPS  Operational  Control  System  Modernization:  Alternative  Architectural  Concepts 

Jaynarayan  Lala  and  Laura  Burkhardt,  Draper  Laboratory . 449-459 

Session  B2:  DGPS  Technology  and  Applications 

Design  of  a  GNSS:  Coverage,  Accuracy  and  Integrity 

V.  Ashkenazi,  T.  Moore,  C.  J.  Hill,  W.  Y.  Ochieng,  and  Wu  Chen,  The  University  of  Nottingham . 463-472 

Differential  GPS  Evaluation  at  UK  Airports 

Hemant  Mistry  and  Richard  Famworth,  UK  National  Air  Traffic  Services . 473-479 

Floating  Differential  GPS  (FDGPS) 

James  L.  Brown,  Aydin  Corporation  (East) . . . 481-490 

Characterization  of  Phase  and  Multipath  Errors  for  an  Aircraft  GPS  Antenna 

C.  Douglas  Hardwick  and  Jeffrey  Liu,  National  Research  Council  of  Canada . 491-498 

Precise  Positioning  Using  GPS/GLONASS  Carrier  Phase  and  Code  Phase  Observables 

David  Walsh,  Stuart  Riley,  John  Cooper,  and  Peter  Daly,  The  University  of  Leeds . 499-506 

Differential  GLONASS,  Differential  GPS  and  Integrated  Differential  GLONASS/GPS  -  Initial  Results 

Jacques  Beser,  Anushia  Balendra,  Eric  Erpelding,  and  Sonia  Kim,  3S  Navigation . 507-515 

Performance  Evaluation  of  a  Global  IGS-Based  Differential  GPS  System 

Don  English,  Gene  Howell,  and  Wang  Tang,  ARINC . 517-523 

Satisfying  Airport  Operational  Requirements  Using  Seamless  GNSS  Techniques,  Procedures  and  Processing 

Lois  Pilley  and  Robert  Pilley,  DSDC . 525-532 

Selective  Availability  via  the  Levinson  Predictor 

Timothy  Barnes,  Zeta  Associates,  Inc . 533-542 

Session  C2:  Space:  Orbit  and  Attitude 

GPS  Attitude  Determination  and  Navigation  Flight  Experiment 

J.  Kurt  Brock,  Rich  Fuller,  Brian  Kemper,  Dave  Mleczko,  J.  Rodden,  and  Alfred  Tadros,  Space  Systems/LORAL . 545-554 

The  GPS  Attitude  Determination  Flyer  (GADFLY):  A  Space-Qualified  GPS  Attitude  Receiver  on  the  SSTI-Lewis  Spacecraft 
Frank  Bauer,  E.  Glenn  Lightsey,  Stephen  Leake,  Jon  McCullough,  James  O’Donnell, 

Kate  Hartman,  and  Roger  Hart,  NASA  Goddard  Space  Flight  Center . 555-562 

Argos  Navigation  and  Attitude  Determination  System 

Jon  Petway,  Rockwell . 563-572 

Experimental  Results  of  Using  the  GPS  for  SFU  Onboard  Navigation 

Tsutomu  Ichikawa  and  Keiken  Ninomiya,  The  Institute  of  Space  and  Astronautical  Science; 

Susumu  Kumagai  and  Masaki  Mistutake,  Hitachi  Ltd. . 573-577 

A  Practical  Demonstration  of  Low  Cost  Autonomous  Orbit  Determination  Using  GPS 

Martin  Unwin  and  Martin  Sweeting,  University  of  Surrey . 579-587 


Applicability  of  GPS-based  Orbit  Determination  Systems  to  a  Wide  Range  of  HEO  Missions 

Jorge  Potti  and  Pelayo  Bemedo,  GMV  SA.;  Alessandro  Pasetti,  ESA/ESTEC . 589-598 

Performance  Evaluation  of  the  GPS  Yaw  Bias  Implementation 

Yoaz  Bar-Sever,  Jet  Propulsion  Laboratory .  599-611 

Effect  of  GPS  Orbit  Accuracy  on  GPS-determined  Topex/Poseidon  Orbit 

H.  J.  Rim,  B.  E.  Schutz,  RA.M.  Abusali,  and  B.  D.  Tapley,  University  of  Texas  at  Austin . 613-617 

Use  of  GPS  for  Precise  and  Operational  Orbit  Determination  at  ESOC 

Tomas  Martin  Mur,  John  Dow,  and  Nicholas  Bondarenco,  European  Space  Agency;  Stefano  Casotto,  Univeritd  Padova; 

Joachim  Feltens,  mbp  Informationstechnologie  GmbH;  Carlos  Garcia  Martinez,  GMV  5. A . 619-626 

Session  D2:  Wide  Area  Augmentation  Systems 

A  Wide  Area  Augmentation  System  (WAAS)  Service  Volume  Model  and  Its  Use  in 
Evaluating  WAAS  Architectures  and  Design  Sensitivities 

Walter  Poor,  Thomas  Albertson,  and  Pauline  Yen,  The  MITRE  Corporation . 629-637 

An  Algorithm  for  Inter-frequency  Bias  Calibration  and  Application  to  WAAS  Ionosphere  Modeling 

Yi-chung  Chao,  Yeou-Jyh  Tsai,  Todd  Walter,  Changdon  Kee,  Per  Enge,  and  Brad  Parkinson,  Stanford  University . 639-646 

Incorporation  of  Orbital  Dynamics  to  Improve  Wide-Area  Differential  GPS 

Juan  Ceva  and  Bradford  Parkinson,  Stanford  University;  Willy  Bertiger,  Ron  Muellerschoen,  and  Thomas  Yunck,  JPL . 647-659 

Validation  of  the  RTCA  Message  Format  for  WAAS 

Yeou-Jyh  Tsai,  Per  Enge,  Yi-Chung  Chao,  Todd  Walter,  Changdon  Kee,  Jennifer  Evans, 

Andrew  Barrows,  David  Powell,  and  Bradford  Parkinson,  Stanford  University . . 661-670 

The  Ability  of  a  RADGPS  to  Provide  the  Accuracy  and  Integrity  Required  for  En-Route  Navigation 

Richard  Famworth,  UK  National  Air  Traffic  Service;  Stuart  Jolley,  Poke  Manor  Research;  Andrew  Lovett,  Racal  Avionics . 671-676 

Integrating  WAAS  with  LAAS  to  Avoid  Signal  Spoofing 

Vis  Sankaran  and  Donald  Benson,  Dynamics  Research  Corporation . 677-684 

Exact  Formula  for  User  Range  Error  in  Wide  Area  Differential  GPS 

Henry  Beisner,  Paradeigma,  Inc.;  Arthur  Dorsey,  Loral  Federal  Systems . 685-693 

WAAS  Sensor  Interference  Testing 

Trent  Skidmore,  Ohio  University;  Mark  Johnson,  Rockwell  International . 695-703 

A  Study  for  Performance  Enhancements  of  the  Asian- Australian  GPS  Augmentation  System  (AAAS) 

Yanming  Feng,  Kurt  Kubik,  and  Jizhang  Sang,  Queensland  University  of  Technology;  Jingnan  Liu,  Wuhan  TU .  705-711 

Session  A3:  Precision  Landing 

FAA-Wilcox  Electric  Category  IIIB  Feasibility  Demonstration  Program  Flight  Test  Results 

W  Hundley,  S.  Rowson,  and  G.  Courtney,  Wilcox  Electric;  V.  Wullschleger  and  R.  Velez,  FAA  Technical  Center; 

R.  Benoist,  Litton  Aero  Products;  R  O’Donnell,  MITRE/CAASD . 715-726 

FAA/Ohio  University/United  Parcel  Service  DGPS  Autoland  Flight  Test  Demonstration 

Frank  van  Graas,  David  Diggle,  and  Maarten  Uijt,  Ohio  University;  Dave  Lamb  and  Mark  Dimeo, 

Systems  Resources  Corporation;  Greg  Kuehl  and  Robert  Hilb,  United  Parcel  Service .  727-737 

FAA/FEDSIM^ — ^E-Systems  Cat  IIIB  Feasibility  Demonstration  Flight  Test  Preliminary  Results 

Glyn  Romrell,  Ron  Brown,  and  Greg  Johnson,  E-Systems;  Dave  Kaufmann,  NASA  Ames .  739-753 

Application  of  INS/GPS  Systems  Integration  to  Increase  Performance  of  Automatic  Landing  Systems 

Jochen  Meyer-Hilbeig  and  Harald  Harder,  Daimler-Benz  Aerospace  AG .  755-762 

A340-DGPS  Landing  Experiment 

Julie  de  Cevins,  Airbus  Industrie;  Pascal  Ponsot,  Aerospatiale .  763-772 

FAA’s  Cat  ni  Feasibility  Program:  Status  and  Accomplishments 

R.  Braff  and  R  O’Donnell,  The  MITRE  Corporation;  V  Wullschleger,  C.  Mackin,  and  R.  Velez,  FAA  Technical  Center; 

R.  Swider  and  R  Enge,  Stanford  University;  E  van  Graas,  Ohio  University;  D.  Kaufmann,  NASA  Ames  Research  Center .  773-780 

GNSS  Receiver  Interference:  Susceptibility  and  Civil  Aviation  Impact 

Mark  Johnson  and  Robert  Erlandson,  Rockwell .  781-791 

Observed  GPS  Signal  Continuity  Interruptions 

Stewart  Cobb,  David  Lawrence,  Jock  Christie,  Todd  Walter,  YC.  Chao,  David  Powell,  and  Brad  Parkinson,  Stanford  University  ...  793-795 


Integrity  and  Continuity  of  Service  Analysis  of  LADGPS  and  WADGPS  Architectures  with  SNAPSIS  Simulator 

D.  Flament  and  N.  Marchel,  Thomson-CSF;  B.  Christophe,  Onera;  J.  L.  Jonquiere,  DGAC/STNA .  797-806 

Interoperability  and  Traditional  Nav-aid  Considerations  for  DGPS  Standards 

Lori  Hill  and  Ken  Ganther,  Wilcox  Electric . 807-814 

Session  B3:  Specialized  User  Equipment  Technology 

Development  and  Testing  of  a  Mobile  Pseudolite  Concept  for  Precise  Positioning 

Tom  Holden,  Stanford  Telecom;  John  Racquet,  Gerard  Lachapelle,  Weigen  Qiu,  and  C.  Pelletier, 

The  University  of  Calgary;  Anthony  Nash,  746th  Test  Squadron;  Patrick  Fenton,  NovAtel . 817-826 

Precision  Landing  Tests  with  Improved  Integrity  Beacon  Pseudolites 

Stewart  Cobb,  David  Lawrence,  Boris  Pervan,  Clark  Cohen,  David  Powell,  and  Brad  Parkinson,  Stanford  University . .  827-833 

A  Combined  GPS/GLONASS  High  Precision  Receiver  for  Space  Applications 

Stuart  Riley,  Neil  Howard,  Eric  Aardoom,  and  Peter  Daly,  University  of  Leeds;  Pierluigi  Silvestrin,  ESA  ESTEC . 835-844 

Integrated  GPS/GLONASS  Antenna  for  High  Performance  Applications 

Taymoor  Hekmat  and  Norbert  Niklasch,  ViCon  Engineering  GmbH;  Martin  Maurer,  MAN  Technologie  AG . 845-851 

TVacking  Measurements  From  a  Miniature  GLONASS  Receiver 

Oliver  Leisten,  Geraint  Ffoulkes  Jones,  Gerald  Whitworth,  and  David  Belton,  Navstar  Systems  Ltd. . 853-859 

Power  Minimization  Techniques  for  GPS  Null  Steering  Antenna 

Anton  Gecan,  E-Systems;  Michael  Zoltowski,  Purdue  University . 861-868 

Performance  of  a  Miniature  Dielectrically  Loaded  Volute  Antenna 

Oliver  Leisten  and  Geraint  Ffoulkes  Jones,  Navstar  Systems  Ltd. . . 869-877 

An  Effective  GPS  Application  for  Helicopter  Operations 

William  O’Keefe,  Newcomb  Communication,  Inc . . . 879-886 

Session  C3:  Maritime  Applications 

Verification  of  USCG  DGPS  Broadcast  Parameters 

Mark  Lunday,  Joseph  Spalding,  and  Marylouise  Dowd . 889-897 

DGPS  Positioning  Accuracy  Performance  Analysis  with  RTCM 
Message  T^es  1/9  and  18-21  Using  Various  Receiver  Technologies 

G.  Lachapelle,  M.  E.  Cannon,  H.  Lan,  and  C.  Tang,  The  University  of  Calgary;  S.  Wee  and  S.  Ryan,  Canadian  Coast  Guard .  899-906 

Boosting  Shipboard  RAIM  Availability 

James  LaMance  and  Alison  Brown,  NAVSYS  Corporation;  Joseph  Spalding,  US  Coast  Guard  R&D  Center . . . 907-912 

The  Virtual  Anchor 

Glen  Robertson,  Rhodan  Marine  Equipment;  John  Webster,  Holst-Webster  Enterprises . 913-918 

Use  of  DGPS  for  an  In-Water  Acoustic  Survey  for  the  PTS  S  WIMSS 

Robert  Reid,  Naval  Undersea  Warfare  Center . 919-923 

Autonomous  Underwater  Vehicle  Navigation 

Stewart  Cannon,  Pelagos  Corporation;  Jeff  Smith,  Applied  Remote  Technology . 925-933 

Performance  Analysis  of  the  Interrupted  Data  Acquisition  Receiver  Obtained  From  Operational  Missions 

Gerald  Whitworth,  Navstar  Systems  Ltd.;  David  Meldmm,  Dunstaffnage  Marine  Laboratory . 935-940 

Results  of  Testing  on  a  GPS-Based  Compass 

Joseph  Spalding  and  Mark  Lunday,  US  Coast  Guard  R&D  Center .  941-948 

The  Use  of  GPS  for  Underwater  Navigation,  Sea  Trial  Results 

M.  H.  G.  Thomas,  AC5A . 949-955 

Session  D3:  GLONASS 

The  GLONASS  System  Status  and  Prospects  for  Development 

Michael  Lebedev  and  Victor  Gorev,  CSIC;  Alexander  Ganin  and  Victor  Kulnev,  CRl  of  the  Russian  Space  Forces .  959-969 

The  Hace  of  GLONASS  in  the  Radionavigation  Plan  of  the  CIS 

Vladimir  Denisov,  Intemavigation  Research  and  Technical  Center . . 971-984 


The  GLONASS  and  GLONASS-M  Programs 

V.  Kazantsev,  . . 985-990 

Ways  of  GLONASS  System  Advancing 

Nicolay  Ivanov,  Vadim  Salischev,  and  Alexander  Vinogradov,  RISDE . . . 991-1011 

Marine  Radiobeacon  DGPS/DGLONASS  Service  and  Regional  Centers  for  Differential  GLONASS/Alpha/Chayka  Services 
Pytor  Bogdanov,  Valery  Chistyakov,  Sergey  Filatchenkov,  Arvid  Gevorkyan, 

and  Vladlen  Khimulin,  Rt4ssian  Institute  of  Radionavigation  and  Time . 1013-1020 

GLONASS  Approaches  Full  Operational  Capability  (FOC) 

Peter  Daly,  The  University  of  Leeds .  1021-1030 

Evaluation  of  GLONASS  Performance  in  Practical  Applications:  Comparison  with  GPS-Based  Ionospheric  TEC  Values 

Nestor  Zarraoa,  Esther  Sardon,  Dietmar  Klahn,  and  Arne  Jungstand,  DLR-DFD  Neustrelitz .  1031-1039 

Processing  GLONASS  Carrier  Phase  Observations-Theory  and  First  Experience 

Alfred  Leick  and  Jinye  Li,  University  of  Maine;  Jacques  Beser,  3S  Navigation;  Gerald  Mader,  National  Geodetic  Survey .  1041-1047 

Differential  GLONASS  in  Russia:  The  Ways  of  Development 

Alexander  Ganin,  GLONASS  Coordination  Research  and  Information  Center . .  1049-1060 

Kalman  Filter  Procedures  for  GPS/GLONASS-Signak 

Norbert  Niklasch,  ViCon  Engineering;  Martin  Maurer  and  Martin  Haunschild,  MAN  Technologic  AG;  Walter  Richert,  LMU .  1061-1068 

Session  A4:  DGPS  Algopithms 

Computation  and  Quality  Control  of  Differential  GPS  Corrections 

Xin-Xiang,  Hans  van  der  Marel,  and  Cees  de  Jong,  Delft  University  of  Technology .  1071-1079 

Effects  of  the  Ionosphere  and  Cycle-Slips  in  Long  Baseline  Dynamic  Positioning 

George  Dedes  and  Angela  Mallett,  The  Ohio  State  University .  1081-1090 

Using  the  Ionosphere  for  DGPS  Measurement  Error  Control 

Gregory  Bishop,  USAF  Phillips  Laboratory;  Andrew  Mazzella  and  Elizabeth  Holland,  North-West  Research  Associates . 1091-1100 

Fast  Ambiguity  Resolution  Using  an  Integer  Nonlinear  Programming  Method 

Ming  Wei  and  Klaus-Peter  Schwarz,  The  University  of  Calgary . 1101-1110 

Improving  the  Reliability  of  OTF  Ambiguity  Resolution  with  Dual  Frequency  GPS  Observations 

Gang  Lu,  M.  Ehzabeth  Cannon,  and  Gerard  Lachapelle,  The  University  of  Calgary . 1111-1116 

Ambiguity  Resolution  Over  Long  Baselines  for  Airborne  Differential  GPS  Positioning 

J.  Sonntag  and  C.  Martin,  EG&G;  W.  Krabill,  NASA  Goddard  Space  Flight  Center . 1117-1126 

Adaptive  Modeling  of  Receiver  Clock  for  Meter-Level  DGPS  Vertical  Positioning  , 

P.  Misra,  M.  Pratt,  B.  Burke,  and  R.  Ferranti,  MIT . 1127-1135 

Comparison  of  Different  On-The-Fly  Ambiguity  Resolution  Techniques 

Gunter  Hein  and  Wolfgang  Werner,  University  FAF Munich . 1137-1144 

A  New  Method  for  Constructing  Multi-satellite  Ambiguity  Combinations  for  Improved  Ambiguity  Resolution 

Chris  Rizos  and  Shaowei  Han,  The  University  of  New  South  Wales . 1145-1153 

Long  Period  Systematic  Errors  in  GPS  Measurements 

Shane  Nelson,  University  of  Texas . 1155-1163 

Session  B4:  Earth  Observation  and  Timing 

Sensing  the  Atmosphere  From  a  Low-Earth  Orbiter  Tracking  GPS: 

Early  Results  and  Lessons  From  the  GPS/MET  Experiment 

George  Hajj,  Rob  Kursinski,  Willy  Bertiger,  Stephen  Leroy,  Larry  Romans,  and  Tim  Schofield,  Jet  Propulsion  Laboratory . 1167-1174 

Time  Calibration  Using  the  INMARSAT  Geostationary  Overlay  Signal  From  the  AOR-W  Satellite 

James  LaMance  and  Alison  Brown,  AM  VSKS  Corporation;  Bmce  Haines,  Willy  Bertiger,  and  Sien  Wu,  APL . 1175-1181 

Real  Time  Estimation  of  Ionospheric  Delays 

Evelin  Engler,  Esther  Sardon,  and  Dietmer  Klahn,  DLR-DFD  Neustrelitz . N 83-1191 

Real-Time  TEC  Determination  for  Ionospheric  Modeling  in  WADGPS 

Jose  Fraile-Ordonez,  Kayser-Threde  GmbH . 1193-1197 

An  Improved  Ionospheric  Correction  Method  for  Wide-Area  Augmentation  Systems 
Anthony  Mannucci,  Brian  Wilson,  and  Dah-Ning  Yuan,  Jet  Propulsion  Laboratory  . . . 


1199-1208 


Application  of  SCORE  Techniques  to  Improve  Ionospheric  Observations 

Gregory  Bishop,  USAF  Phillips  Laboratory;  Andrew  Mazzella  and  Elizabeth  Holland,  NorthWest  Research  Associates . .  1209-1218 

Test  Results  of  Wilcox  Electric’s  Ionospheric  Monitoring  Network 

Craig  Stull,  Wilcox  Electric;  A.  J.  Van  Dierendonck,  AJ  Systems . 1219-1228 

Precise  GPS  Time  Transfer  to  a  Moving  Vehicle 

Tor  Egil  Melgard  and  David  Last,  University  of  Wales;  Bernard  Thomas,  DCN  Brest  (DGA),^ .  1229-1236 

WADGPS  Ionospheric  Correction  Model  Performance  Simulation 

Tysen  Mueller,  Seagull  Technology,  Inc.;  Bob  Hamry  and  Andrew  Johnson,  Rockwell  International .  1237-1246 

Development  of  Real-Time  Algorithms  to  Estimate  the  Ionospheric  Error  Bounds  for  WAAS 
Robert  Conker,  Bakry  El-Arini,  and  Thomas  Albertson,  The  MITRE  Corporation; 

John  Klobuchar,  USAF  Phillips  Laboratory;  Patricia  Doherty,  Boston  College .  1247-1258 

Session  C4:  Land  Vehiculap  Applications 

Kinematic  GPS  for  Closed-Loop  Control  of  Farm  and  Construction  Vehicles 

Michael  O’Connor,  Gabriel  Elkaim,  and  Bradford  Parkinson,  Stanford  University .  1261-1268 

An  Examination  of  the  Relative  Merits  of  Various  Sensors  for  Vehicle  Navigation 

Eric  Abbott  and  David  Powell,  Stanford  University .  1269-1284 

Nonlinear  Smoothing  of  Dead  Reckoning  Data  with  GPS  Measurements 

Ren  Da  and  George  Dedes,  The  Ohio  State  University .  1285-1294 

Next  Generation  Fiber  Optic  Gyroscopes  for  Use  with  GPS  in  Vehicle  Navigation  and  Location  Systems 

Vincent  Martinelli,  Coming  Inc.;  Ray  Ikeda,  Hitachi  Cable  America .  1295-1299 

Hybrid  GPS  for  Land  Vehicle 

S.  Ishikawa,  Y  Suwa,  N.  Nakahara,  T.  Ito,  T.  Yamamoto,  Y.  Murakami,  and  T.  Yasuda,  AISIN  SEIKI  Co.,  Ltd. .  1301-1306 

VIS  AT:  A  Mobile  City  Survey  System  of  High  Accuracy 

Naser  ELSheimy,  Klaus-Peter  Schwarz,  and  Ming  Wei,  The  University  of  Calgary;  Martin  Lavigne,  GEOFTT  Inc .  1307-1315 

Field  Test  Results  of  an  Enhanced  GPS  Coverage  Through  Map  Aiding  in  Urban  and  Canyon  Environments 

James  LaMance  and  Alison  Brown,  NAVSYS  Corporation . . 1317-1322 

GPS  Receiver  Structures  for  the  Urban  Canyon 

Benjamin  Peterson,  Richard  Hartnett,  and  Geffrey  Ottman,  U.S.  Coast  Guard  Academy .  1323-1332 

Autonomous  Vehicle  Using  WADGPS 

Daljit  Singh,  Naval  Air  Warfare  Center;  Harkirat  Grtwdi,  American  GNC . .  1333-1338 

Session  D4:  GNSS  Policy  and  Technology  Issues 

GPS:  A  Sharede  National  Asset-A  Summary  of  the  National  Research  Council  Report 

Laurence  Adams,  Chair  NRC  Committee;  Allison  Sandlin  and  Dave  Turner,  NRC;  Keith  McDonald,  Sat  Tech  Systems .  1341-1350 

GPS:  Charting  the  Future-A  Summary  Report  by  the  GPS  Panel  of  the  National  Academy  of  Public  Administration 

Arnold  Donahue  and  Roger  Sperry,  Co-Directors  of  the  NAPA  Study .  1351-1361 

GPS  Performance  Characteristics  and  IVends 

Rob  Conley,  Mark  Fryt,  and  Sean  Scott,  Overlook  Systems  Technologies,  Inc .  1363-1371 

Practical  Measurements  of  Radio  Frequency  Interference  to  GPS  Receivers  and  an 
Assessment  of  Interference  Levels  by  Flight  Trials  in  the  European  Regions 

Paul  Nisner,  National  Air  Traffic  Services;  John  Owen,  Defence  Research  Agency .  1373-1382 

The  Role  of  GPS  in  Automatic  Dependent  Surveillance  (ADS)  and  a 
Methodology  for  the  Formulation  of  Requirements  in  That  Role 

Michael  Ashbury,  Civil  Aviation  Authority;  Rolf  Johannessen,  Lamboume  Navigation  Ltd. .  1383-1391 

Aircraft  Approach  and  Landing  Studies  with  the  Global  Positioning  System 

Douglas  Hardwick  and  Jeffrey  Liu,  National  Research  Council  of  Canada .  1393-1401 

Global  Optimization  of  GPS  Augmentation  Architectures  Using  Genetic  Algorithms 

Samual  Pullen,  Per  Enge,  and  Bradford  Parkinson,  Stanford  University .  1403-1415 

GNSS  Combined  with  Head-Up  Display  for  Precision  Landing 

Jean-Franfois  Jehl  and  Luc  Baron,  SEXTANT Avionique . 1417-1424 

Implementation  of  a  GPS-Based  Oceanic  Air  TVaffic  Control  System 

Joseph  Fee,  Federal  Aviation  Administration;  Theodore  Simpson,  Adsystech  Inc . . . . .  1425-1430 


Session  AS:  Precise  Real-Time  Positioning 


High  Precision  Real-Time  Positioning  Using  Low  Cost  OEM  Sensors 

Adel  Tabsh  and  Hugh  Martell,  Premier  GPS,  Inc.;  Darren  Cosandier,  The  University  of  Calgary .  1433-1441 

High-Rate  Precise  Real-Time  Positioning  Using  Differential  Carrier  Phase 

Dariusz  Lapucha,  Richard  Barker,  and  Ziwen  Liu,  John  E.  Chance  &  Associates .  1443-1449 

Maintaining  GPS  Positioning  in  Steep  Tlirns  Using  Two  Antennas 

David  Lawrence,  H.  Stewart  Cobb,  Clark  Cohen,  Jock  Christie,  I  David  Powell,  and  Bradford  Parkinson,  Stanford  Unh .  1451-1459 

Precise  RTK  Positioning  Using  the  New  RTCM-104  V2.1  Standard 

J.P  Thomas  Goguen  and  Timo  Allison,  Trimble  Navigation .  1461-1466 

First  Results  Using  the  New  DGPS  Real-Time  Deformation  Monitoring  System  “DREAMS” 

Gunter  Hein  and  Bernhard  Riedl,  University  FAF  Munich .  1467-1475 

Real-Time  Precise  Marine  Navigation:  Description  and  Results 

Hans-Jiirgen  Euler  and  Craig  Hill,  LeicaAG;  Urs  Muller,  terra  vermessungen .  1477-1484 

Development  and  Implementation  of  a  Centimeter- Accurate  Real-Time-Kinematic  Positioning  System 

Herbert  Landau,  Christian  Pagels,  and  Ulrich  Vollath,  terraSat  GmbH .  1485-1491 

Temporal  Characteristics  of  Multipath  Errors 

Ahmed  El-Rabbany,  Alexandria  University .  1493-1497 

Utilizing  a  Low  Cost  GPS  Receiver  for  Centimeter  to  Sub-meter  Accuracy  Real-Time  and  Post-Processed  Applications 

Geraint  Ffoulkes- Jones,  Navstar  Systems  Ltd.;  Darren  Cosandier,  Premier  GPS  Inc .  1499-1508 

Session  B5:  GPS  User  Equipment  Technology 

A  Comparison  of  Three  Multipath  Mitigation  Approaches  for  GPS  Receivers 

Armando  Montalvo  and  Alison  Brown,  NAVSYS  Corporation . 1511-1520 

Achieving  Theoretical  Accuracy  Limits  for  Pseudoranging  in  the  Presence  of  Multipath 

Lawrence  Weill,  Magellan  Systems  and  California  State  University  at  Fullerton .  1521-1530 

Comparison  of  Continuity  and  Integrity  Characteristics  for 
Integrated  and  Decoupled  Demodulation/Navigation  Receivers 

Jim  Sennott  and  Dave  Senffner,  Bradley  University .  1531-1537 

LI  Carrier  Phase  Multipath  Error  Reduction  Using  MEDLL  Technology 

Bryan  Townsend,  Patrick  Fenton,  and  Keith  Van  Dierendonck,  NovAtel  Communications;  Richard  van  Nee,  Consultant .  1539-1544 

Test  Results  on  Mitigation  of  SATCOM-Induced  Interference  to  GPS  Operation 

Triveni  Upadhyay,  George  Dimos,  and  Wassim  Ferzali,  Mayflower  Communications  Co.;  Dennis  Weed,  FAA .  1545-1552 

A  Modified  Frequency-Locked  Loop  for  Improved  WAAS  Carrier  Tracking 

Gary  McGraw  and  Bernard  Schnaufer,  Rockwell  International .  1553-1562 

Monograph  on  GPS  Antispoofing 

Phillip  Ward,  Navward  GPS  Consulting .  1563-1571 

Session  C5:  Airborne  Applications 

Flight  Test  Program  to  Develop  a  New  Terminal  Instrument  Procedures  TERPS  for  GPS  Approaches 

John  Fagan,  Hazem  Hejjo,  Travis  Fox,  and  Bill  Archer,  University  of  Oklahoma; 

Ralph  Sexton,  Innovative  Solutions  International;  Gerry  McCartor,  FAA . . .  1575-1587 

Attitude  DGPS/INS  Based  Real-Time  Flight  Guidance  System  for  Airborne  Sensors 

Gunter  Hein,  Bemd  Eissfeller,  and  Jurgen  Pielmeier,  Institute  of  Geodesy  and  Navigation .  1 589-1 596 

Geometric  Correction  of  Airborne  Multispectral  Scanner  Imagery  Using 
GPS  Position  and  Attitude  and  Digital  Elevation  Models 

Lawrence  Fisher,  Lockheed  Environmental  Systems  and  Technologies .  1597-1606 

Interferometric  Flight  Inspection  Systems:  Development  and  Flight  Test  Results 

D.  Stratton,  Parker  Hannifin  Corporation .  1607-1614 

Flight  Tests  of  a  3-D  Perspective- View  Glass-Cockpit  Display  for  General  Aviation  Using  GPS 

Andrew  Barrows,  Per  Enge,  Bradford  Parkinson,  and  J.  David  Powell,  Stanford  University . 1615-1622 

An  Evaluation  of  Precise  Kinematic  On-The-Fly  GPS  Positioning  with  Respect  to  a  Moving  Aircraft 
Alan  Evans,  Bruce  Hermann,  and  Christopher  Law,  Naval  Surface  Warfare  Center; 

Benjamin  Remondi,  The  XYZ's  of  GPS,  Inc.;  Thomas  Briggs  and  Thomas  Nelson,  NavlaAir  Warfare  Center .  1623-1628 

Satellite  Based  Integrated  Navigation  and  Communication  System  of  the  German  Air  Rescue 

Manfred  Haverland  and  Harry  Evers,  Aerodata;  Dr.  Hindemith-Boose  and  Roland  Kirschenlohr,  DRF .  1629-1634 


Session  D5:  GPS  Reference  and  Testing 


Development  of  High-Rate  Differential  GPS  Reference  for  Operational  Testing 

William  Mosle  and  Andy  Chasko,  746th  Test  Squadron^  Holloman  AFB .  1637-1644 

Summary  of  the  Initial  GPS  Test  Standards  Document:  ION  STD- 101 

Stewart  Teasley,  Rockwell  Telecommunications;  James  Bybee,  Cibola  Information  Systems .  1645-1653 

The  746th  Test  Squadron:  An  All-Inclusive  GPS  Test  and  Evaluation  Facility 

Dan  Crouch,  Chip  Mosle,  and  Michael  Novy,  746th  Test  Squadron,  Holloman  AFB .  1655-1664 

Time  to  First  Fix:  A  Definition  and  Recommended  Test  Method 

Leonard  Kruczynski,  Trimble  Navigation;  Stewart  Teasley,  Rockwell  Communications .  1665-1672 

Carrier  Phase  GPS  Time,  Space,  Position  Information  Demonstration  (CAPTIDE) 

Greg  Costable,  Elgin  AFB . .  1673-1680 

The  Effect  of  IVopospheric  Propagation  Delay  Errors  in  Airborne  GPS  Precise  Positioning 

Virgflio  Mendes,  J.  Paul  Collins,  and  Richard  Langley,  University  of  New  Brunswick .  1681-1689 

Measuring  User  Equipment  Errors  from  Holloman  Flight  Test  Data 

Joseph  Clifford  and  Raymond  DiEsposti,  The  Aerospace  Corp,;  Andrew  Chasko,  Amcomp  Corporation; 

Kenneth  Wemle,  CIGTF;  Gregory  Fairbanks,  GPSJPO,  AFSMC,  LA  AFB .  1691-1701 

Mobile  Inertial  Test  System:  A  Dynamic  Testbed  for  the  EDGE  Flight  Tests 

Theodore  Herrera  and  Brian  Taylor,  Elgin  AFB .  1703-1711 

HIL  Testing  of  the  Navy  LEAP  GPS/INS  Package 

George  Stupp  and  David  Lehnus,  JHU  Applied  Physics  Laboratory . 1713-1719 

Session  A6:  Attitude  Determination 

A  Single-Baseline  Attitude  Measurement  System  Using  Low-Cost  C/A-Code  Receivers 

James  Gilkey,  David  Richardson,  and  Christopher  Temdrup,  SRI  International .  1723-1732 

Accurate  Azimuth  from  a  Single  PLGR+GLS  DoD  GPS  Receiver  Using  Time  Relative  Positioning 

Karl  Ulmer,  Patrick  Hwang,  Brent  Disselkoen,  and  Mark  Wagner,  Rockwell .  1733-1741 

Results  of  DC-10  Tests  Using  GPS  Attitude  Determination 

Leonard  Kruczynski  and  John  Delucchi,  Trimble  Navigation;  Timothy  lacobacci,  United  Airlines .  1743-1750 

Attitude  Determination:  Exploiting  All  Information  for  Optimal  Ambiguity  Resolution 

Hans-Jiirgen  Euler  and  Craig  Hill,  LeicaAG . .  1751-1757 

Tightly  Coupled  Attitude  Determination  Using  GPS  Carrier  Phase  Observables 

Gene  Howell  and  Wang  Tang,  ARINC .  1759-1766 

GPS  Modeling  in  the  Attitude  Determination  Error  Analysis  System:  Development  and  Application  to  TRACE 

Eleanor  Ketchum  and  Joseph  Garrick,  NASA  Goddard  Space  Flight  Center;  Mohammad  Rokni,  Computer  Science  Corp .  1767-1774 

A  GNSS-Based  Attitude  Determination  System  for  Low-Earth  Observation  Satellites 

Jesus  Serrano,  Pelayo  Bemedo,  and  Pablo  Gonzalez,  GMV  SA.;  Pierluigi  Silvestrin,  ESA/ESTEC .  1775-1784 

A  Comparison  of  GPS-Based  Attitude  Estimation  Techniques  for  Spinning  Satellite 

Penina  Axelrad  and  Charles  Behre,  University  of  Colorado .  1785-1796 

A  New  Spacecraft  Attitude  Determination  Scheme  Based  on  the  Use  of  GPS  Line-Of-Sight  Vectors 

Jesus  Serrano,  Jorge  Potti,  and  Pelayo  Bemedo,  GMV S A.;  Pierluigi  Silvestrin,  ESA/ESTEC .  1797-1806 

Session  B6:  Integrated  Systems 

An  Artificially  Intelligent  Vehicle  Highway  System 

Vidal  Ashkenazi,  Terry  Moore,  Mark  Dumville,  David  Lowe,  and  Maria  Tsakiri,  The  University  of  Nottingham .  1809-1818 

Making  the  Best  with  GPS  in  Car  Applications 

RaiphMoussdL,  Renault . 1819-1823 

GPS/Inertial  Mapping  (GIM)  System  for  Real  Time  Mapping  of  Roadways  Using  WADGPS 

Tim  Ash,  Randy  Silva,  Alison  Brown,  and  James  LaMance,  NAVSYS  Corporation . . .  1825-1830 

Twenty-Centimeter  Kinematic  DGPS  Positioning  With  Digital  Barometry 

John  Schleppe,  James  McLellan,  Jill  Battie,  and  J.  Scott  McCarron,  Pulsearch  Navigation .  1831-1840 

H-764G  GPS/INS  High  Dynamics  GPS  Tracking  Tests  Using  a  Roller  Coaster 

A1  Hasselbring,  Honeywell,  Inc .  1841-1846 


Integration  of  a  Fibre  Optical  Gyro  Attitude  and  Heading  Reference  System  with  Differential  GPS 

Manfred  Baumker,  FH  Bochum;  Manfred  Htillenkremer  and  Axel  Lehmann,  LTTEF  GmbH .  1847H 855 

A  Proposed  GPS  Block  IIF  Satellite  Design  with  Civilian  Dual  Frequency  and  WAAS  Signals 

Mohan  Ananda,  Prem  Munjal,  and  K.T  Woo,  The  Aerospace  Corporation; 

Rich  Cole,  Innovative  Solutions  International;  Steve  Steiner,  U,S.  Air  Force .  1857-1868 

New  Approach  to  Kalman  Time  Propogation  for  GPS/INS  Integrated  Systems 

Leonid  Schimelevich  and  Rahel  Naor,  Israel  Aircraft  Industries  Ltd. .  1869-1873 

Session  C6:  Emerging  Appiications 

Real-Time  Landslide  Detection  System  Using  Precise  Carrier  Phase  GPS 

Hitoshi  Kondo,  Furuno  Electric  Co.,  Ltd.;  M.  Ehzabeth  Cannon,  The  University  of  Calgary .  1877-1884 

GPS-Based  Launched  Vehicle  IVacking  Using  a  Common  Multi-Patch  Antenna  Configuration 
M.  Santina,  J.  Leung,  G.  Smit,  J.  Tekawy,  and  G.T.  Seng,  The  Aerospace  Corporation; 

J.  McKay  and  S.  Bandel,  Hughes  Aircraft  Co . . .  1885-1893 

GPS  Goes  ‘Beyond  the  Gate’ 

Samuel  Shaw,  California  Maritime  Academy;  Jack  Hunter,  California  DOT .  1895-1903 

Experimental  Demonstration  of  GPS  for  Rendezvous  Between  Two  Prototype  Space  Vehicles 

Kurt  Zimmerman  and  Robert  Cannon,  Stanford  University . I905-I9I3 

Application  of  GPS  Technology  to  Part  141  Flight  IVaining 

Jdim^sLydh,  Embry-Riddle  Aeronautical  University . I9I5-I92I 

A  GPS  Based  Nuclear  Radiation  Detection  Device  IVaining  System 

Edward  Groeber,  U.S.  Army  Chemical  and  Biochemical  Defense  Command .  1923-1926 

Session  D6:  integrity 

New  Techniques  Relating  Fault  Detection  and  Exclusion  Performance  to  GPS  Primary  Means  Integrity  Requirements 

Young  Lee,  The  MITRE  Corporation .  1929-1939 

A  General  RAIM  Algorithm  Based  on  Receiver  Clock 

R  Misra,  M.  Pratt,  R.  Muchnik,  and  B.  Manganis,  MIT . I94I-I948 

Integrated  GPS/Inertial  Fault  Detection  Availability 

Mats  Brenner,  Honeywell  CAS-SPO .  1949-1958 

GPS/IRS  AIME:  Calculation  of  Thresholds  and  Protection  Radius  Using  Chi-Square  Methods 

John  Diesel  and  Sherry  Luu,  Litton  Aero  Products .  1959-1964 

USDRAIM:  An  Innovative  Approach  to  Increasing  RAM  Availability 

Jonathan  Bemick  and  William  Michaelson,  Worcester  Polytechnic  Institute .  1965-1973 

GPS  Carrier-Phase  RAM 

William  Michaelson  and  Hua  Hua,  Worcester  Polytechnic  Institute;  Duncan  Cox,  DBC  Communications,  Inc .  1975-1984 

An  Analysis  of  Using  Carrier  Phase  to  Fulfill  Cat  III  Required  Navigation  Performance 

David  Walsh  and  Peter  Daly,  The  University  of  Leeds;  Tim  Rowe,  U.K.  National  Air  Traffic  Services .  1985-1993 

Weighted  RAM  for  Precision  Approach 

Todd  Walter  and  Per  Enge,  Stanford  University .  1995-2004 

Solving  Integrity  Insufficiencies  of  Sat  Nav  Systems  with  Complementary  Navigation  Information 

Stefan  Vieweg,  Institute  of  Flight  Guidance  and  Control;  Carsten  Butzmuehlen,  TU  Braunschweig .  2005-2013 

Effects  of  Worst  Case  Geometries  on  RAM  Testing 

Christine  Easton,  Rockwell  Defense  Electronics;  William  Michalson,  Worcester  Polytechnic  Institute . 2015-2022 

Worst  Case  GPS  Integrity  Monitoring 

Donald  Benson,  Dynamics  Research  Corporation .  2023-2031 

Analysis  of  Risk  Affecting  Integrity  and  Continuity 

Jizhang  Sang,  Kurt  Kubik,  and  Yanming  Feng,  SCSN,  Queensland  University  of  Technology . 2033-2040 

Authors  Index . 2041-2045 


Conference  Registrants 


2047-2078 


ION  GPS-95  CROSS  LISTING  OF  PAPERS  OV  SORJECT 


Aip  Traffic  Control 

Aircraft  TYacking  Using  GPS  Position  and  Velocity  Reports 

Ran  Gazit,  Stanford  University . 281-290 

The  Role  of  GPS  in  Automatic  Dependent  Surveillance  (ADS)  and  a 
Methodology  for  the  Formulation  of  Requirements  in  That  Role 

Michael  Ashbury,  Civil  Aviation  Authority;  Rolf  Johmicss^n,  Lamboume  Navigation  Ltd. .  1383-1391 

Implementation  of  a  GPS-Based  Oceanic  Air  TVaffic  Control  System 

Joseph  Fee,  Federal  Aviation  Administration;  Theodore  Simpson,  Adsystech  Inc. .  1425-1430 

Airborne  Instrumentation  Applications 

Flight  Tests  of  a  3-D  Perspective-View  Glass-Cockpit  Display  for  General  Aviation  Using  GPS 

Andrew  Barrows,  Per  Enge,  Bradford  Parkinson,  and  J.  David  Powell,  Stanford  University . 1615-1622 

Ambiguity  Resolution  (see  Phase  Ambiguity  Resolution) 

Antennas 

Integrated  GPS/GLONASS  Antenna  for  High  Performance  Applications 

Taymoor  Hekmat  and  Norbert  Niklasch,  ViCon  Engineering  GmbH;  Martin  Maurer,  MAN  Technologic  AG . 845-851 

Power  Minimization  Techniques  for  GPS  Null  Steering  Antenna 

Anton  Gecan,  E-Systems;  Michael  Zoltowski,  Purdue  University . 861-868 

Performance  of  a  Miniature  Dielectrically  Loaded  Volute  Anteima 

Oliver  Leisten  and  Geraint  Ffoulkes-Jones,  Navstar  Systems  Ltd. . 869-877 

An  Effective  GPS  Application  for  Helicopter  Operations 

William  O’Keefe,  Newcomb  Communication,  Inc . 879-886 

Attitude  Determination  (also  see  Spacecraft  Orbit  and  Attitude  Determination) 

A  Single-Baseline  Attitude  Measurement  System  Using  Low-Cost  C/A-Code  Receivers 

James  Gilkey,  David  Richardson,  and  Christopher  Temdrup,  SRI  International .  1723-1732 

Accurate  Azimuth  from  a  Single  PLGR+GLS  DoD  GPS  Receiver  Using  Time  Relative  Positioning 

Karl  Ulmer,  Patrick  Hwang,  Brent  Disselkoen,  and  Mark  Wagner,  Rockwell .  1733-1741 

Results  of  DC- 10  Tests  Using  GPS  Attitude  Determination 

Leonard  Kruczynski  and  John  Delucchi,  Trimble  Navigation;  Timothy  lacobacci.  United  Airlines .  1743-1750 

Attitude  Determination:  Exploiting  All  Information  for  Optimal  Ambiguity  Resolution 

Hans  Jurgen  Euler  and  Craig  Hill,  LeicaAG .  1751-1757 

Tightly  Coupled  Attitude  Determination  Using  GPS  Carrier  Phase  Observables 

Gene  Howell  and  Wang  Tang,  ARINC .  1759-1766 

GPS  Modeling  in  the  Attitude  Determination  Error  Analysis  System:  Development  and  Application  to  TRACE 

Eleanor  Ketchum  and  Joseph  Garrick,  NASA  Goddard  Space  Flight  Center;  Mohammad  Rokni,  Computer  Science  Corp. . 1767-1774 

A  GNSS-Based  Attitude  Determination  System  for  Low-Earth  Observation  Satellites 

Jesiis  Serrano,  Pelayo  Bemedo,  and  Pablo  Gonzalez,  GMVS.A.;  Pierluigi  Silvestrin,  ESA/ESTEC .  1775-1784 

A  Comparison  of  GPS-Based  Attitude  Estimation  Techniques  for  Spinning  Satellite 

PeninaAxelrad  and  Charles  Behre,  University  of  Colorado .  1785-1796 

A  New  Spacecraft  Attitude  Determination  Scheme  Based  on  the  Use  of  GPS  Line-Of-Sight  Vectors 

Jesus  Serrano,  Jorge  Potti,  and  Pelayo  Bemedo,  GMVS.A.;  Pierluigi  Silvestrin,  ESA/ESTEC .  1797-1806 


Experimental  Demonstration  of  GPS  for  Rendezvous  Between  Two  Prototype  Space  Vehicles 

Kurt  Zimmerman  and  Robert  Cannon,  Stanford  University .  1905-1913 

Results  of  Testing  on  a  GPS-Based  Compass 

Joseph  Spalding  and  Mark  Lunday,  US  Coast  Guard  R&D  Center . 941-948 

Geometric  Correction  of  Airborne  Multispectral  Scanner  Imagery  Using 
GPS  Position  and  Attitude  and  Digital  Elevation  Models 

Lawrence  Fisher,  Lockheed  Environmental  Systems  and  Technologies .  1597-1606 

Dinerential  GPS  (DGPS) 

A  Compact  Earth  Tides  Algorithm  for  WADGPS 

James  Sinko,  SRI  International . . . 55-^4 

Honeywell’s  DGPS  Local  Area  Augmentation  System  Ground  Station 

Steve  Serfling,  Honeywell . 147-156 

Differential  GPS  Evaluation  at  UK  Airports 

Hemant  Mistry  and  Richard  Famworth,  UK  National  Air  Traffic  Services . 473-479 

Floating  Differential  GPS  (FDGPS) 

James  L  Brown,  Aydin  Corporation  (East) . 481-490 

Differential  GLONASS,  Differential  GPS  and  Integrated  Differential  GLONASS/GPS  -  Initial  Results 

Jacques  Beser,  Anushia  Balendra,  Eric  Erpelding,  and  Sonia  Kim,  3S  Navigation . 507-515 

Performance  Evaluation  of  a  Global  IGS-Based  Differential  GPS  System 

Don  English,  Gene  Howell,  and  Wang  Tang,  ARINC . 517-523 

Satisfying  Airport  Operational  Requirements  Using  Seamless  GNSS  Techniques,  Procedures  and  Processing 

Lois  Pilley  and  Robert  Pilley,  DSDC . 525-532 

Selective  Availability  via  the  Levinson  Predictor 

Timothy  Barnes,  Zeta  Associates,  Inc . 533-542 

A  Global  DoD-Optimized  DGPS  for  Precision-Strike 

Earl  Blackwell,  Mark  Moeglein,  and  David  Nakayama,  SRI  International .  399-411 

Navigation  Performance  Analysis  for  the  Edge  Program 

Donald  Kelly  and  Pamela  Harms,  Sverdrup/TEAS;  Capt.  John  Dargen,  USAF;  Chuck  Eckert,  Honeywell . . 413-422 

The  GLONASS  System  Status  and  Prospects  for  Development 

Michael  Lebedev  and  Victor  Gorev,  CSIC;  Alexander  Ganin  and  Victor  Kulnev,  CRl  of  the  Russian  Space  Forces . 959-969 

Ways  of  GLONASS  System  Advancing 

Nicolay  Ivanov,  Vadim  Salischev,  and  Alexander  Vinogradov,  RISDE . 991-1011 

Marine  Radiobeacon  DGPS/DGLONASS  Service  and  Regional  Centers  for  Differential  GLONASS/AIpha/Chayka  Services 
Pytor  Bogdanov,  Valery  Chistyakov,  Sergey  Filatchenkov,  Arvid  Gevorkyan, 

and  Vladlen  Khimulin,  Russian  Institute  of  Radionavigation  and  Time . 1013-1020 

Differential  GLONASS  in  Russia:  The  Ways  of  Development 

Alexander  Ganin,  GLONASS  Coordination  Research  and  Information  Center .  1049-1060 

Twenty-Centimeter  Kinematic  DGPS  Positioning  With  Digital  Barometry 

John  Schleppe,  James  McLellan,  Jill  Battie,  and  J.  Scott  McCarron,  Pulsearch  Navigation . 1831-1840 

Integration  of  a  Fibre  Optical  Gyro  Attitude  and  Heading  Reference  System  with  Differential  GPS 

Manfred  Baumker,  FH  Bochum;  Manfred  Hiillenkremer  and  Axel  Lehmann,  LFTEF  GmbH .  1847-1855 

Experimental  Demonstration  of  GPS  for  Rendezvous  Between  Two  Prototype  Space  Vehicles 

Kurt  Zimmerman  and  Robert  Cannon,  Stanford  University .  1905-1913 

A340-DGPS  Landing  Experiment 

Julie  de  Cevins,  Airbus  Industrie;  Pascal  Ponsot,  Aerospatiale .  763-772 

FAA’s  Cat  HI  Feasibility  Program:  Status  and  Accomplishments 

R.  Braff  and  P  O’Donnell,  The  MITRE  Corporation;  V  Wullschleger,  C.  Mackin,  and  R.  Velez,  FAA  Technical  Center; 

R.  Swider  and  P.  Enge,  Stanford  University;  F.  van  Graas,  Ohio  University;  D.  Kaufmann,  NASA  Ames  Research  Center .  773-780 

Interoperability  and  Traditional  Nav-aid  Considerations  for  DGPS  Standards 

Lori  Hill  and  Ken  Ganther,  Wilcox  Electric . 807-814 

Verification  of  USCG  DGPS  Broadcast  Parameters 

Mark  Lunday,  Joseph  Spalding,  and  Marylouise  Dowd . 889-897 

Boosting  Shipboard  RAIM  Availability 

James  LaMance  and  Alison  Brown,  NAVSYS  Corporation;  Joseph  Spalding,  US  Coast  Guard  R&D  Center .  907-912 


The  Virtual  Anchor 

Glen  Robertson,  Rhodan  Marine  Equipment;  John  Webster,  Holst-Webster  Enterprises . 913-91 8 

Use  of  DGPS  for  an  In-Water  Acoustic  Survey  for  the  PTS  SWIMSS 

Robert  Reid,  Naval  Undersea  Warfare  Center . 919-923 

Computation  and  Quality  Control  of  Differential  GPS  Corrections 

Xin-Xiang,  Hans  van  der  Marel,  and  Cees  de  Jong,  Delft  University  of  Technology .  1071-1079 

Effects  of  the  Ionosphere  and  Cycle-Slips  in  Long  Baseline  Dynamic  Positioning 

George  Dedes  and  Angela  Mallett,  The  Ohio  State  University .  1081-1090 

Using  the  Ionosphere  for  DGPS  Measurement  Error  Control 

Gregory  Bishop,  USAF  Phillips  Laboratory;  Andrew  Mazzella  and  Elizabeth  Holland,  Northwest  Research  Associates . 1091-1100 

Adaptive  Modeling  of  Receiver  Clock  for  Meter-Level  DGPS  Vertical  Positioning 

P.  Misra,  M.  Pratt,  B.  Burke,  and  R.  Ferranti,  MIT . 1127-1135 

Precise  RTK  Positioning  Using  the  New  RTCM-104  V2.1  Standard 

J.R  Thomas  Goguen  and  Timo  Allison,  Trimble  Navigation .  1461-1466 

First  Results  Using  the  New  DGPS  Real-Time  Deformation  Monitoring  System  ‘DREAMS” 

Gunter  Hein  and  Bernhard  Riedl,  University  FAF  Munich . .  1467-1475 

Development  of  High-Rate  Differential  GPS  Reference  for  Operational  Testing 

William  Mosle  and  Andy  Chasko,  746th  Test  Squadron,  Holloman  AFB . .  1637-1644 

Interferometric  Flight  Inspection  Systems;  Development  and  Flight  Test  Results 

D.  Stratton,  Parker  Hannifin  Corporation .  1607-1614 

GLONASS,  GPS/GLONASS,  and  GNSS 

Design  of  a  GNSS:  Coverage,  Accuracy  and  Integrity 

V.  Ashkenazi,  T.  Moore,  C.  J.  Hill,  W  Y.  Ochieng,  and  Wu  Chen,  The  University  of  Nottingham . 463-472 

Precise  Positioning  Using  GPS/GLONASS  Carrier  Phase  and  Code  Phase  Observables 

David  Walsh,  Stuart  Riley,  John  Cooper,  and  Peter  Daly,  The  University  of  Leeds . 499-506 

Differential  GLONASS,  Differential  GPS  and  Integrated  Differential  GLONASS/GPS  -  Initial  Results 

Jacques  Beser,  Anushia  Balendra,  Eric  Erpelding,  and  Sonia  Kim,  3S  Navigation . 507-515 

The  GLONASS  System  Status  and  Prospects  for  Development 

Michael  Lebedev  and  Victor  Gorev,  CSIC;  Alexander  Ganin  and  Victor  Kulnev,  CRl  of  the  Russian  Space  Forces .  959-969 

The  Place  of  GLONASS  in  the  Radionavigation  Plan  of  the  CIS 

Vladimir  Denisov,  Intemavigation  Research  and  Technical  Center . 971-984 

The  GLONASS  and  GLONASS-M  Programs 

V  Kazantsev,  NPOPM . . . 985-990 

Ways  of  GLONASS  System  Advancing 

Nicolay  Ivanov,  Vadim  Salischev,  and  Alexander  Vinogradov,  RISDE . 991-1011 

Marine  Radiobeacon  DGPS/DGLONASS  Service  and  Regional  Centers  for  Differential  GLONASS/Alpha/Chayka  Services 

Pytor  Bogdanov,  Valery  Chistyakov,  Sergey  Filatchenkov,  Arvid  Gevorkyan, 

and  Vladlen  Khimulin,  Russian  Institute  of  Radionavigation  and  Time . 1013-1020 

GLONASS  Approaches  Full  Operational  Capability  (FOC) 

Peter  Daly,  The  University  of  Leeds .  1021-1030 

Evaluation  of  GLONASS  Performance  in  Practical  Applications:  Comparison  with  GPS-Based  Ionospheric  TEC  Values 

Nestor  Zarraoa,  Esther  Sardon,  Dietmar  Kl^,  and  Ame  Jungstand,  DLR-DFD  Neustrelitz .  1031-1039 

Processing  GLONASS  Carrier  Phase  Observations-Theory  and  First  Experience 

Alfred  Leick  and  Jinye  Li,  University  of  Maine;  Jacques  Beser,  3S  Navigation;  Gerald  Mader,  National  Geodetic  Survey .  1041-1047 

Differential  GLONASS  in  Russia:  The  Ways  of  Development 

Alexander  Ganin,  GLONASS  Coordination  Research  and  Information  Center .  1049-1060 

Kalman  Filter  Procedures  for  GPS/GLONASS-Signals 

Norbert  Niklasch,  YiCon  Engineering;  Martin  Maurer  and  Martin  Haunschild,  MAN  Technologie  AG;  Walter  Richert,  LMU 1061-1068 

A  Combined  GPS/GLONASS  High  Precision  Receiver  for  Space  Applications 

Stuart  Riley,  Neil  Howard,  Eric  Aardoom,  and  Peter  Daly,  University  of  Leeds;  Pierluigi  Silvestrin,  ESA  ESTEC . 835-844 

Integrated  GPS/GLONASS  Antenna  for  High  Performance  Applications 

Taymoor  Hekmat  and  Norbert  Niklasch,  ViCon  Engineering  GmbH;  Martin  Maurer,  MAN  Technologie  AG . 845-851 

Tracking  Measurements  From  a  Miniature  GLONASS  Receiver 

Oliver  Leisten,  Geraint  FfoulkesJones,  Gerald  Whitworth,  and  David  Belton,  Navstar  Systems  Ltd. . 853-859 


Gravimetry  (see  Surveying,  Geodesy,  and  Gravimetry) 


Integrated  Systems 

Use  of  the  GPS  Aided  Inertial  Navigation  System  in  the  Navy  Standard  Missile 
for  the  BMDO/Navy  LEAP  Technology  Demonstration  Program 

Todd  Moore,  Kevin  Rudolph,  and  Frank  Ziolkowski,  Hughes  Aircraft  Co.;  Alfred  Luckau,  Hughes  Missile  Systems  Co . 363-371 

Integrated  GPS/INS/SAR/GMTI  Radar  Precision  Targeting  Flight  Test  Results 

R.  Guarino  and  Paul  Isben,  Westinghouse  Norden  Systems . 373-379 

Navigation  Performance  Analysis  for  the  Edge  Program 

Donald  Kelly  and  Pamela  Harms,  Sverdrup/TEAS;  Capt.  John  Dargen,  USAF;  Chuck  Eckert,  Honeywell . 413-422 

Integrated  GPS/Inertial  Fault  Detection  Availahility 

Mats  Brenner,  Honeywell  CAS-SPO .  1949-1958 

GPS/ERS  AIME:  Calculation  of  Thresholds  and  Protection  Radius  Using  Chi-Square  Methods 

John  Diesel  and  Sherry  Luu,  Litton  Aero  Products .  1959-1964 

Solving  Integrity  Insufficiencies  of  Sat  Nav  Systems  with  Complementary  Navigation  Information 

Stefan  Vieweg,  Institute  of  Flight  Guidance  and  Control;  Carsten  Butzmuehlen,  TU  Braunschweig . ;  2005-2013 

Tightly  Coupled  Attitude  Determination  Using  GPS  Carrier  Phase  Observables 

Gene  Howell  and  Wang  Tang,  .  1759-1766 

An  Artificially  Intelligent  Vehicle  Highway  System 

Vidal  Ashkenazi,  Terry  Moore,  Mark  Dumville,  David  Lowe,  and  Maria  Tsakiri,  The  University  of  Nottingham .  1809-1818 

Making  the  Best  with  GPS  in  Car  Applications 

Ralph  Moussa,  Renault . 1819-1823 

GPS/Inertial  Mapping  (GEM)  System  for  Real  Time  Mapping  of  Roadways  Using  WADGPS 

Tim  Ash,  Randy  Silva,  Alison  Brown,  and  James  LaMance,  NAVSYS  Corporation . . .  1825-1830 

Twenty-Centimeter  Kinematic  DGPS  Positioning  With  Digital  Barometry 

John  Schleppe,  James  McLellan,  Jill  Battie,  and  J.  Scott  McCarron,  Pulsearch  Navigation .  1831-1840 

H-764G  GPS/INS  High  Dynamics  GPS  TVacking  Tests  Using  a  Roller  Coaster 

A1  Hasselbring,  Honeywell,  Inc .  1841-1846 

Integration  of  a  Fibre  Optical  Gyro  Attitude  and  Heading  Reference  System  with  Differential  GPS 

Manfred  Baumker,  FH  Bochum;  Manfred  Hiillenkremer  and  Axel  Lehmann,  LFTEF  GmbH .  1847-1855 

A  Proposed  GPS  Block  HF  Satellite  Design  with  Civilian  Dual  Frequency  and  WAAS  Signals 
Mohan  Ananda,  Prem  Munjal,  and  K.T.  Woo,  The  Aerospace  Corporation; 

Rich  Cole,  Innovative  Solutions  International;  Steve  Steiner,  U.S.  Air  Force .  1857-1868 

New  Approach  to  Kalman  Time  Propogation  for  GPS/INS  Integrated  Systems 

LeomdSchimthvichandRdhelNdor,  Israel  Aircraft  Industries  Ltd. . . .  1869-1873 

Application  of  INS/GPS  Systems  Integration  to  Increase  Performance  of  Automatic  Landing  Systems 

Jochen  Meyer-Hilbeig  and  Harald  Harder,  Daimler-Benz  Aerospace  AG . . .  755-762 

Next  Generation  Fiber  Optic  Gyroscopes  for  Use  with  GPS  in  Vehicle  Navigation  and  Location  Systems 

Vincent  Martinelli,  Coming  Inc,;  Ray  Ikeda,  Hitachi  Cable  America .  1295-1299 

Hybrid  GPS  for  Land  Vehicle 

S.  Ishikawa,  Y  Suwa,  N.  Nakahara,  T  Ito,  T.  Yamamoto,  Y  Murakami,  and  T.  Yasuda,  AISIN  SEIKI  Co„  Ltd. .  1301-1306 

Field  Test  Results  of  an  Enhanced  GPS  Coverage  Through  Map  Aiding  in  Urban  and  Canyon  Environments 

James  LaMance  and  Alison  Brown,  NAVSYS  Corporation . . . 1317-1322 

Attitude  DGPS/INS  Based  Real-Time  Flight  Guidance  System  for  Airborne  Sensors 

Gunter  Hein,  Bemd  Eissfeller,  and  Jurgen  Pielmeier,  Institute  of  Geodesy  and  Navigation .  1589-1596 

Satellite  Based  Integrated  Navigation  and  Communication  System  of  the  German  Air  Rescue 

Manfred  Haverland  and  Harry  Evers,  Aerodata;  Dr.  Hindemith-Boose  and  Roland  Kirschenlohr,  DRF .  1629-1634 


Integrity  (also  see  Wide  Area  Augmentation  System) 


New  Techniques  Relating  Fault  Detection  and  Exclusion  Performance  to  GPS  Primary  Means  Integrity  Requirements 

Young  Lee,  The  MITRE  Corporation .  19294939 

A  General  RAM  Algorithm  Based  on  Receiver  Clock 

P.  Misra,  M.  Pratt,  R.  Muchnik,  and  B.  Manganis,  MIT .  1941-1948 

Integrated  GPS/Inertial  Fault  Detection  Availability 

Mats  Brenner,  Honeywell  CAS-SPO . . .  1949-1958 

GPS/IRS  AIME;  Calculation  of  Thresholds  and  Protection  Radius  Using  Chi-Square  Methods 

John  Diesel  and  Sherry  Luu,  Litton  Aero  Products .  1959-1964 

USDRAM:  An  Innovative  Approach  to  Increasing  RAM  Availability 

Jonathan  Bemick  and  William  Michaelson,  Worcester  Polytechnic  Institute .  1965-1973 

GPS  Carrier-Phase  RAM 

William  Michaelson  and  Hua  Hua,  Worcester  Polytechnic  Institute;  Duncan  Cox,  DBC  Communications,  Inc .  1975-1984 

An  Analysis  of  Using  Carrier  Phase  to  Fulfill  Cat  III  Required  Navigation  Performance 

David  Walsh  and  Peter  Daly,  The  University  of  Leeds;  Tim  Rowe,  UK.  National  Air  Traffic  Services .  1985-1993 

Weighted  RAM  for  Precision  Approach 

Todd  Walter  and  Per  Enge,  Stanford  University .  1995-2004 

Solving  Integrity  Insufficiencies  of  Sat  Nav  Systems  with  Complementary  Navigation  Information 

Stefan  Vieweg,  Institute  of  Flight  Guidance  and  Control;  Carsten  Butzmuehlen,  TU  Braunschweig . 2005-2013 

Effects  of  Worst  Case  Geometries  on  RAM  Testing 

Christine  Easton,  Rockwell  Defense  Electronics;  William  Michalson,  Worcester  Polytechnic  Institute . 2015-2022 

Worst  Case  GPS  Integrity  Monitoring 

Donald  Benson,  Dynamics  Research  Corporation .  2023-2031 

Analysis  of  Risk  Affecting  Integrity  and  Continuity 

Jizhang  Sang,  Kurt  Kubik,  and  Yanming  Feng,  SCSN,  Queensland  University  of  Technology . 2033-2040 

Boosting  Shipboard  RAM  Availability 

James  LaMance  and  Alison  Brown,  NAVSYS  Corporation;  Joseph  Spalding,  US  Coast  Guard  R&D  Center . 907-912 

Comparison  of  Continuity  and  Integrity  Characteristics  for 
Integrated  and  Decoupled  Demodulation/Navigation  Receivers 

Jim  Sennott  and  Dave  Senffner,  Bradley  University .  1531-1537 

Precision  Landing  Tests  with  Improved  Integrity  Beacon  Pseudolites 

Stewart  Cobb,  David  Lawrence,  Boris  Pervan,  Clark  Cohen,  David  Powell,  and  Brad  Parkinson,  Stanford  University . . . 827-833 


Interference  and  Interruptions 


GNSS  Receiver  Interference:  Susceptibility  and  Civil  Aviation  Impact 

Mark  Johnson  and  Robert  Erlandson,  Rockwell . . .  781-791 

Observed  GPS  Signal  Continuity  Interruptions 

Stewart  Cobb,  David  Lawrence,  Jock  Christie,  Todd  Walter,  YC.  Chao,  David  Powell,  and  Brad  Parkinson,  Stanford  University  ...  793-795 
Integrity  and  Continuity  of  Service  Analysis  of  LADGPS  and  WADGPS  Architectures  with  SNAPSIS  Simulator 

D.  Rament  and  N.  Marchel,  Thomson-CSF;  B.  Christophe,  Onera;  J.  L.  Jonquiere,  DGAC/STNA .  797-806 

Performance  Analysis  of  the  Interrupted  Data  Acquisition  Receiver  Obtained  From  Operational  Missions 

Gerald  Whitworth,  Navstar  Systems  Ltd.;  David  Meldmm,  Dunstaffiiage  Marine  Laboratory .  935-940 

Comparison  of  Continuity  and  Integrity  Characteristics  for 
Integrated  and  Decoupled  Demodulation/Navigation  Receivers 

Jim  Sennott  and  Dave  Senffner,  Bradley  University .  1531-1537 

Test  Results  on  Mitigation  of  SATCOM-Induced  Interference  to  GPS  Operation 

Triveni  Upadhyay,  George  Dimos,  and  Wassim  Ferzali,  Mayflower  Communications  Co.;  Dennis  Weed,  FAA .  1545-1552 

A  Modified  Frequency-Locked  Loop  for  Improved  WAAS  Carrier  IVacking 

Gary  McGraw  and  Bernard  Schnaufer,  Rockwell  International . 1553-1562 

Power  Minimization  Techniques  for  GPS  Null  Steering  Antenna 

Anton  Gecan,  E-Systems;  Michael  Zoltowski,  Purdue  University . 861-868 

Practical  Measurements  of  Radio  Frequency  Interference  to  GPS  Receivers  and  an 
Assessment  of  Interference  Levels  by  Flight  IHals  in  the  European  Regions 

Paul  Nisner,  National  Air  Traffic  Services;  John  Owen,  Defence  Research  Agency .  1373-1382 


Ionosphere  and  Earth  Ohservation 


Improved  Ambiguity  Resolution  by  Regional  Differential  Modelling  of  the  Ionosphere 

Lambert  Wanninger,  TU  Dresden,  Germany . 55-62 

An  Algorithm  for  Inter-frequency  Bias  Calibration  and  Application  to  WAAS  Ionosphere  Modeling 

Yi-chung  Chao,  Yeou-Jyh  Tsai,  Todd  Walter,  Changdon  Kee,  Per  Enge,  and  Brad  Parkinson,  Stanford  University . 639-646 

Evaluation  of  GLONASS  Performance  in  Practical  Applications:  Comparison  with  GPS-Based  Ionospheric  TEC  Values 

Nestor  Zarraoa,  Esther  Sardon,  Dietmar  Klahn,  and  Arne  Jungstand,  DLR-DFD  Neustrelitz .  1 031-1039 

Effects  of  the  Ionosphere  and  Cycle-Slips  in  Long  Baseline  Dynamic  Positioning 

George  Dedes  and  Angela  Mallett,  The  Ohio  State  University .  1081-1090 

Using  the  Ionosphere  for  DGPS  Measurement  Error  Control 

Gregory  Bishop,  USAF  Phillips  Laboratory;  Andrew  Mazzella  and  Elizabeth  Holland,  NorthWest  Research  Associates . 1091'1100 

Sensing  the  Atmosphere  From  a  Low-Earth  Orbiter  Tracking  GPS: 

Early  Results  and  Lessons  From  the  GPS/MET  Experiment 

George  Hajj,  Rob  Kursinski,  Willy  Bertiger,  Stephen  Leroy,  Larry  Romans,  and  Tim  Schofield,  Jet  Propulsion  Laboratory . 1167-1174 

Time  Calibration  Using  the  INMARSAT  Geostationary  Overlay  Signal  From  the  AOR-W  Satellite 

James  LaMance  and  Alison  Brown,  NAVSYS  Corporation;  Bruce  Haines,  Willy  Bertiger,  and  Sien  Wu,  JPL . 1175-1181 

Real  Time  Estimation  of  Ionospheric  Delays 

Evelin  Engler,  Esther  Sardon,  and  Dietmer  Kl^n,  DLR-DFD  Neustrelitz . 1183-1191 

Real-Time  TEC  Determination  for  Ionospheric  Modeling  in  WADGPS 

Jose  Fraile-Orddnez,  Kayser-Threde  GmbH . 1193-1197 

An  Improved  Ionospheric  Correction  Method  for  Wide-Area  Augmentation  Systems 

Anthony  Mannucci,  Brian  Wilson,  and  Dah-Ning  Yuan,  Jet  Propulsion  Laboratory .  1199-1208 

Application  of  SCORE  Techniques  to  Improve  Ionospheric  Observations 

Gregory  Bishop,  USAF  Phillips  Laboratory;  Andrew  Mazzella  and  Elizabeth  Holland,  NorthWest  Research  Associates .  1209-1218 

Test  Results  of  Wilcox  Electric^s  Ionospheric  Monitoring  Network 

Craig  Stull,  Wilcox  Electric;  A.  J.  Van  Dierendonck,  AJ  Systems . 1219-1228 

WADGPS  Ionospheric  Correction  Model  Performance  Simulation 

Tysen  Mueller,  Seagull  Technology^  Inc.;  Bob  Hamry  and  Andrew  Johnson,  Rockwell  International .  1237-1246 

Development  of  Real-Time  Algorithms  to  Estimate  the  Ionospheric  Error  Bounds  for  WAAS 
Robert  Conker,  Bakry  El-Arini,  and  Thomas  Albertson,  The  MITRE  Corporation; 

John  Klobuchar,  USAF  Phillips  Laboratory;  Patricia  Doherty,  Boston  College .  1247-1258 

Land  and  Intelligent  Vehicle  Highway  Systems  (IVHS) 

A  Prototype  Portable  Vehicle  Navigation  System  Utilizing  Map  Aided  GPS 

Blake  Bullock,  The  University  of  Calgary . . . 319-329 

An  Artificially  Intelligent  Vehicle  Highway  System 

Vidal  Ashkenazi,  Terry  Moore,  Mark  Dumville,  David  Lowe,  and  Maria  Tsakiri,  The  University  of  Nottingham .  1809-181 8 

Making  the  Best  with  GPS  in  Car  Applications 

Ralph  Moussa,  Renault . . . 1819-1823 

GPS/Inertial  Mapping  (GIM)  System  for  Real  Time  Mapping  of  Roadways  Using  WADGPS 

Tim  Ash,  Randy  Silva,  Alison  Brown,  and  James  LaMance,  NAVSYS  Corporation .  1825-1830 

Kinematic  GPS  for  Closed-Loop  Control  of  Farm  and  Construction  Vehicles 

Michael  O’Connor,  Gabriel  Elkaim,  and  Bradford  Parkinson,  Stanford  University .  1261-1268 

An  Examination  of  the  Relative  Merits  of  Various  Sensors  for  Vehicle  Navigation 

Eric  Abbott  and  David  Powell,  Stanford  University .  1269-1284 

Nonlinear  Smoothing  of  Dead  Reckoning  Data  with  GPS  Measurements 

Ren  Da  and  George  Dedes,  The  Ohio  State  University .  1285-1294 

Next  Generation  Fiber  Optic  Gyroscopes  for  Use  with  GPS  in  Vehicle  Navigation  and  Location  Systems 

Vincent  Martinelli,  Coming  Inc.;  Ray  Ikeda,  Hitachi  Cable  America .  1295-1299 

Hybrid  GPS  for  Land  Vehicle 

S.  Ishikawa,  Y.  Suwa,  N.  Nakahara,  T  Ito,  T  Yamamoto,  Y  Murakami,  and  T  Yasuda,  AISINSEIKI  Co.,  Ltd. .  1301-1306 

VISAT:  A  Mobile  City  Survey  System  of  High  Accuracy 

Naser  El-Sheimy,  Klaus-Peter  Schwarz,  and  Ming  Wei,  The  University  of  Calgary;  Martin  Lavigne,  GEOFTT  Inc .  1307-1315 


Field  Test  Results  of  an  Enhanced  GPS  Coverage  Through  Map  Aiding  in  Urban  and  Canyon  Environments 

James  LaMance  and  Alison  Brown,  NAVSYS  Corporation . 13174322 

GPS  Receiver  Structures  for  the  Urban  Canyon 

Benjamin  Peterson,  Richard  Hartnett,  and  Geffrey  Ottman,  U.S.  Coast  Guard  Academy .  13234332 

Autonomous  Vehicle  Using  WADGPS 

Daljit  Singh,  Naval  Air  Warfare  Center;  Harkirat  American  GNC .  13334338 

Maritime  Applications 

Verification  of  USCG  DGPS  Broadcast  Parameters 

Mark  Lunday,  Joseph  Spalding,  and  Marylouise  Dowd . 889-897 

DGPS  Positioning  Accuracy  Performance  Analysis  with  RTCM 
Message  Types  1/9  and  18-21  Using  Various  Receiver  Technologies 

G.  Lachapelle,  M.  E  Cannon,  H.  Lan,  and  C.  Tang,  The  University  of  Calgary;  S.  Wee  and  S.  Ryan,  Canadian  Coast  Guard . 899-906 

Boosting  Shipboard  RAIM  Availability 

James  LaMance  and  Alison  Brown,  NAVSYS  Corporation;  Joseph  Spalding,  US  Coast  Guard  R&D  Center . 907-912 

The  Virtual  Anchor 

Glen  Robertson,  Rhodan  Marine  Equipment;  John  Webster,  Holst-Webster  Enterprises . . . 913-918 

Use  of  DGPS  for  an  In-Water  Acoustic  Survey  for  the  PTS  SWIMSS 

Robert  Reid,  Naval  Undersea  Warfare  Center . 919-923 

Autonomous  Underwater  Vehicle  Navigation 

Stewart  Cannon,  Pelagos  Corporation;  Jeff  Smith,  Applied  Remote  Technology . . .  925-933 

Performance  Analysis  of  the  Interrupted  Data  Acquisition  Receiver  Obtained  From  Operational  Missions 

Gerald  Whitworth,  Navstar  Systems  Ltd.;  David  Meldmm,  Dunstajfnage  Marine  Laboratory .  935-940 

Results  of  Testing  on  a  GPS-Based  Compass 

Joseph  Spalding  and  Mark  Lunday,  US  Coast  Guard  R&D  Center . . 941-948 

The  Use  of  GPS  for  Underwater  Navigation,  Sea  IHal  Results 

M.  H.  G.  Thomas,  AC5A . 949-955 

Military 

Use  of  the  GPS  Aided  Inertial  Navigation  System  in  the  Navy  Standard  Missile 
for  the  BMDO/Navy  LEAP  Technology  Demonstration  Program 

Todd  Moore,  Kevin  Rudolph,  and  Frank  Ziolkowski,  Hughes  Aircraft  Co.;  Alfred  Luckau,  Hughes  Missile  Systems  Co . 363-371 

Integrated  GPS/INS/SAR/GMTI  Radar  Precision  Targeting  Flight  Test  Results 

R.  Guarino  and  Paul  Isben,  Westinghouse  Norden  Systems . . 373-379 

Anti- Jamming  Performance  of  TIDGET  in  Guided  Munitions  Applications 

Armando  Montalvo,  Bruce  Johnson,  and  Alison  Brown,  NAVSYS  Corporation . 381-390 

Robust  Implementation  of  Relative  GPS  Guidance 

Mark  Youhanaie,  David  Hartman,  and  Frank  Ziokolwski,  Hughes  Aircraft  Co.;  Neeraj  Pujara,  Wright  Laboratory . 391-398 

A  Global  DoD-Optimized  DGPS  for  Precision-Strike 

Earl  Blackwell,  Mark  Moeglein,  and  David  Nakayama,  SRI  International .  399-411 

Navigation  Performance  Analysis  for  the  Edge  Program 

Donald  Kelly  and  Pamela  Harms,  Sverdrup/TEAS;  Capt.  John  Dargen,  USAF;  Chuck  Eckert,  Honeywell . 413-422 

Preliminary  Results  from  a  GPS-based  Portable  Impact  Location  System 

Jimmy  Saunders  and  Miguel  Cardoza . . . 423-430 

Precise  Absolute  Navigation:  An  Evaluation  of  PPS  Position  Improvement 

Bruce  Hermann,  Naval  Surface  Warfare  Center;  Stephen  Malys,  The  Defense  Mapping  Agency . 431-436 

GPS  Translator  for  Arttillery  Projectiles  -  A  Progress  Report 

George  Wiles,  US  Army  Research  Laboratory;  Jeff  Smuk,  Hittite  Microwave  Corporation . 437-441 

The  Reduction  of  Airborne  Magnetic  Noise  Via  GPS 

L.  Bobb,  W  Gelatka,  D.  DePersia,  A.  Salik,  and  S.  Swyers,  Vava/ A/r  Warfare  Center . . . 443-447 

GPS  Operational  Control  System  Modernization:  Alternative  Architectural  Concepts 

Jaynarayan  Lala  and  Laura  Burkhardt,  Draper  Laboratory  . 449-459 


Accurate  Azimuth  from  a  Single  PLGR+GLS  DoD  GPS  Receiver  Using  Time  Relative  Positioning 

Karl  Ulmer,  Patrick  Hwang,  Brent  Disselkoen,  and  Mark  Wagner,  Rockwell . 

A  Proposed  GPS  Block  IIP  SateUite  Design  with  Civilian  Dual  Frequency  and  WAAS  Signals 
Mohan  Ananda,  Prem  Munjal,  and  K.T.  Woo,  The  Aerospace  Corporation; 

Rich  Cole,  Innovative  Solutions  International;  Steve  Steiner,  U.S.  Air  Force . . . 

GPS-Based  Launched  Vehicle  Tkacking  Using  a  Common  Multi-Patch  Antenna  Configuration 
M.  Santina,  J.  Leung,  G.  Smit,  J.  Tekawy,  and  G.T.  Seng,  The  Aerospace  Corporation; 

J.  McKay  and  S.  Bandel,  Hughes  Aircraft  Co . 

A  GPS  Based  Nuclear  Radiation  Detection  Device  Training  System 

Edward  Groeber,  U.S.  Army  Chemical  and  Biochemical  Defense  Command . 

Mobile  Inertial  Test  System:  A  Dynamic  Testbed  for  the  EDGE  Flight  Tests 

Theodore  Herrera  and  Brian  Taylor,  Elgin  AFB . 

Hlf,  Testing  of  the  Navy  LEAP  GPS/INS  Package 

George  Stupp  and  David  Lehnus,  JHU  Applied  Physics  Laboratory . 


1733-1741 

1857-1868 

1885-1893 

1923-1926 

I703-I7II 

1713-1719 


Multipath  Effects  and  Reduction 


Characterization  of  Phase  and  Multipath  Errors  for  an  Aircraft  GPS  Antenna 

C.  Douglas  Hardwick  and  Jeffrey  Liu,  National  Research  Council  of  Canada . 

GPS  Multipath  Modeling  and  Verification  Using  Geometrical  Theory  of  Diffraction 

Susan  Gomez,  Robert  Panneton,  and  Penny  Saunders,  NASA/LBJ  Space  Center;  Shian  and  Ba  Lu,  Lockheed  Martin . 

Long  Period  Systematic  Errors  in  GPS  Measurements 

Shane  Nelson,  University  of  Texas . 

Temporal  Characteristics  of  Multipath  Errors 

Ahmed  El-Rabbany,  Alexandria  University . 

A  Comparison  of  Three  Multipath  Mitigation  Approaches  for  GPS  Receivers 

Armando  Montalvo  and  Alison  Brown,  NAVSYS  Corporation . 

Achieving  Theoretical  Accuracy  Limits  for  Pseudoranging  in  the  Presence  of  Multipath 

Lawrence  Weill,  Magellan  Systems  and  California  State  University  at  Fullerton . 

Comparison  of  Continuity  and  Integrity  Characteristics  for 
LI  Carrier  Phase  Multipath  Error  Reduction  Using  MEDLL  Technology 

Bryan  Townsend,  Patrick  Fenton,  and  Keith  Van  Dierendonck,  NovAtel  Communications;  Richard  van  Nee,  Consultant 


...  491-498 
...  195-204 
II55-II63 
1493-1497 
1511-1520 
1521-1530 

1539-1544 


New  Product  Announcements 

Open  Architecture  Design  for  GPS  Applications 

Yves  Theroux,  Canadian  Marconi  Company . 

Two  Piece  Chipset  for  GPS  Makes  a  Four  Chip  GPS  Receiver 

Philip  Mattos,  SGS-Thomson  Microelectronics . 

What’s  New  From  NovAtel 

Simon  Newby  and  Wendy  Corcoran,  NovAtel  Communications  Ltd. . 

GPS  Tensor™  GPS  Receiver  for  Attitude  and  Orbit  Determination 

J.  Kurt  Brock,  Space  Systems/LORAL . 

Hitachi  HGA-D  Fiber  Optic  Gyroscope  for  Vehicular  Applications 

Bob  Yoshida,  Hitachi  Cable  America;  Vincent  Martinelli,  Coming  Incorporated 
Honey  weU’s  DGPS  Local  Area  Augmentation  System  Ground  Station 

Steve  Serfling,  Honeywell . 

Starwatch™:  An  Off-the-Shelf  GPS  Asset  Location  System 

John  Lavrakas,  Advanced  Research  Corporation . 

The  XR5-PC12  -  Position  and  Time/Frequency  From  a  Single  Plug-in  Module 

Tony  Haddrell,  Navstar  Systems  Ltd. . 

Ashtech  RTZ,  Real-Time  Kinematic  GPS  with  OTF  Initialization 

Sergei  Gourevitch,  Frank  van  Diggelen,  Xinhua  Qin,  and  Mark  Kuhl,  Ashtech .... 


777-727 

I23-I32 

133-140 

I4I-I42 

I43-I46 

I47-I56 

157-160 

I6I-I66 

167-170 


Operational  Control  Segment  (DCS) 


GPS  Operational  Control  System  Modernization:  Alternative  Architectural  Concepts 

Jaynarayan  Lala  and  Laura  Burkhardt,  Draper  Laboratory . 449-459 

Phase  Ambiguity  Resoiution 

Improved  Ambiguity  Resolution  by  Regional  Differential  Modelling  of  the  Ionosphere 

Lambert  Wanninger,  TU  Dresden,  Germany . 55-62 

A  New  Concept  for  GPS  Phase  Ambiguity  Resoultion  On-The-Fly: 

The  Maximum  a  Posteriori  Ambiguity  Search  (MAPAS)  Method 

Christophe  Macabiau,  Laboratoire  de  Traitement  du  Signal  et  des  Telecommunications  of  the  ENAC . 299-308 

Efficient  Ambiguity  Search  Using  Genetic  Algorithms 

Zuofa  Li,  The  University  of  Calgary . . 331-337 

Ambiguity  Recovery  for  GPS  Long  Range  Kinematic  Positioning 

Shaowei  Han,  The  University  of  New  South  Wales . 349-360 

A  Single-Baseline  Attitude  Measurement  System  Using  Low-Cost  C/A-Code  Receivers 

James  Gilkey,  David  Richardson,  and  Christopher  Temdrup,  SRI  International .  1723-1732 

Attitude  Determination:  Exploiting  All  Information  for  Optimal  Ambiguity  Resolution 

Hans-Jiirgen  Euler  and  Craig  Hill,  LeicaAG .  1751-1757 

Fast  Ambiguity  Resolution  Using  an  Integer  Nonlinear  Programming  Method 

Ming  Wei  and  Klaus-Peter  Schwarz,  The  University  of  Calgary . 1101-1110 

Improving  the  Reliability  of  OTF  Ambiguity  Resolution  with  Dual  Frequency  GPS  Observations 

Gang  Lu,  M.  Elizabeth  Cannon,  and  Gerard  Lachapelle,  The  University  of  Calgary . 1111-1116 

Ambiguity  Resolution  Over  Long  Baselines  for  Airborne  Differential  GPS  Positioning 

J.  Sonntag  and  C.  Martin,  EG&G;  W.  Krabill,  NASA  Goddard  Space  Flight  Center . 1117-1126 

Comparison  of  Different  On-The-Fly  Ambiguity  Resolution  Techniques 

Gunter  Hein  and  Wolfgang  Wemer,  University  FAF  Munich . 1137-1144 

A  New  Method  for  Constructing  Multi-satellite  Ambiguity  Combinations  for  Improved  Ambiguity  Resolution 

Chris  Rizos  and  Shaowei  Han,  The  University  of  New  South  Wales . 1145-1153 

Temporal  Characteristics  of  Multipath  Errors 

Ahmed  El-Rabbany,  Alexandria  University .  1493-1497 

Policy,  Status,  and  tastltutlonal  Concerns 

GPS  -  The  Ultima  Thule  of  Navigation 

James  Schlesinger,  Keynote  Speaker  ION  GPS-95 . 3-6 

Panel  Discussion:  GPS  Critical  Technology,  Policy,  and  Institutional  Issues 

Moderator:  Keith  McDonald,  Sat  Tech  Systems;  Panel  Members:  Dr.  James  Schlesinger,  Joseph  Canny, 

Gil  Klinger,  Larry  Adams,  Charles  Trimble,  Dr.  Scott  Pace,  and  Col.  John  Caldwell,  USAF . 7-14 

GPS:  A  Sharede  National  Asset-A  Summary  of  the  National  Research  Council  Report 

Laurence  Adams,  Chair  NRC  Committee;  Allison  Sandlin  and  Dave  Turner,  NRC;  Keith  McDonald,  Sat  Tech  Systems .  1341-1350 

GPS:  Charting  the  Future-A  Summary  Report  by  the  GPS  Panel  of  the  National  Academy  of  Public  Administration 

Arnold  Donahue  and  Roger  Sperry,  Co-Directors  of  the  NAPA  Study .  1351-1361 

GPS  Performance  Characteristics  and  IVends 

Rob  Conley,  Mark  Fiyt,  and  Sean  Scott,  Overlook  Systems  Technologies,  Inc .  1363-1371 

Practical  Measurements  of  Radio  Frequency  Interference  to  GPS  Receivers  and  an 
Assessment  of  Interference  Levels  by  Flight  TVials  in  the  European  Regions 

Paul  Nisner,  National  Air  Traffic  Services;  John  Owen,  Defence  Research  Agency .  1373-1382 

The  Role  of  GPS  in  Automatic  Dependent  Surveillance  (ADS)  and  a 
Methodology  for  the  Formulation  of  Requirements  in  That  Role 

Michael  Ashbury,  Civil  Aviation  Authority;  Rolf  Johannessen,  Lamboume  Navigation  Ltd, .  1383-1391 

Aircraft  Approach  and  Landing  Studies  with  the  Global  Positioning  System 

Douglas  Hardwick  and  Jeffrey  Liu,  National  Research  Council  of  Canada .  1393-1401 


Global  Optimization  of  GPS  Augmentation  Architectures  Using  Genetic  Algorithms 

Samual  Pullen,  Per  Enge,  and  Bradford  Parkinson,  Stanford  University .  1403-1415 

GNSS  Combined  with  Head-Up  Display  for  Precision  Landing 

Jean-Franfois  Jehl  and  Luc  Baron,  SEXTANT Avionique . 1417-1424 

Power  Reduction  in  GPS  Recovers 

Precision  Landing 

FAA-Wilcox  Electric  Category  HIB  Feasibility  Demonstration  Program  Flight  Test  Results 

W.  Hundley,  S.  Rowson,  and  G.  Courtney,  Wilcox  Electric;  V.  Wullschleger  and  R.  Velez,  FAA  Technical  Center; 

R.  Benoist,  Litton  Aero  Products;  P.  O’Donnell,  MITRE/CAASD . 715-726 

FAA/Ohio  UniversityAJnited  Parcel  Service  DGPS  Autoland  Flight  Test  Demonstration 

Frank  van  Graas,  David  Diggle,  and  Maarten  Uijt,  Ohio  University;  Dave  Lamb  and  Mark  Dimeo, 

Systems  Resources  Corporation;  Greg  Kuehl  and  Robert  Hilb,  United  Parcel  Service .  727-737 

FAA/FEDSM— E-Systems  Cat  HIB  Feasibility  Demonstration  Flight  Test  Preliminary  Results 

Glyn  Romrell,  Ron  Brown,  and  Greg  Johnson,  E-Systems;  Dave  Kaufmann,  NASA  Ames .  739-753 

Application  of  INS/GPS  Systems  Integration  to  Increase  Performance  of  Automatic  Landing  Systems 

Jochen  Meyer-Hilbetg  and  Harald  Harder,  Daimler-Benz  Aerospace  AG . 755-762 

A340-DGPS  Landing  Experiment 

Julie  de  Cevins,  Airbus  Industrie;  Pascal  Ponsot,  Aerospatiale .  763-772 

FAA’s  Cat  in  Feasibility  Program:  Status  and  Accomplishments 

R.  Braff  and  P.  O’Donnell,  The  MITRE  Corporation;  V.  Wullschleger,  C.  Mackin,  and  R.  Velez,  FAA  Technical  Center; 

R.  Swider  and  P.  Enge,  Stanford  University;  F.  van  Graas,  Ohio  University;  D.  Kaufmann,  NASA  Ames  Research  Center .  773-780 

GNSS  Receiver  Interference:  Susceptihility  and  Civil  Aviation  Impact 

Mark  Johnson  and  Robert  Erlandson,  Rockwell . 781-791 

Observed  GPS  Signal  Continuity  Interruptions 

Stewart  Cobb,  David  Lawrence,  Jock  Christie,  Todd  Walter,  Y.C.  Chao,  David  Powell,  and  Brad  Parkinson,  Stanford  University  ...  793-795 
Integrity  and  Continuity  of  Service  Analysis  of  LADGPS  and  WADGPS  Architectures  with  SNAPSIS  Simulator 

D.  Flament  and  N.  Marchel,  Thomson-CSF;  B.  Christophe,  Onera;  J.  L.  Jonquiere,  DGAC/STNA .  797-806 

Interoperability  and  Traditional  Nav-aid  Considerations  for  DGPS  Standards 

Lori  Hill  and  Ken  Ganther,  Wilcox  Electric  . . 807-814 

An  Analysis  of  Using  Carrier  Phase  to  Fulfill  Cat  IH  Required  Navigation  Performance 

David  Walsh  and  Peter  Daly,  The  University  of  Leeds;  Tim  Rowe,  UK.  National  Air  Traffic  Services .  1985-1993 

Weighted  RAIM  for  Precision  Approach 

Todd  Walter  and  Per  Enge,  Stanford  University .  1995-2004 

Analysis  of  Risk  Aflfecting  Integrity  and  Continuity 

Jizhang  Sang,  Kurt  Kubik,  and  Yanming  Feng,  SCSN,  Queensland  University  of  Technology . 2033-2040 

The  Effect  of  Thipospheric  Propagation  Delay  Errors  in  Airborne  GPS  Precise  Positioning 

Vngflio  Mendes,  J.  Paul  ColUns,  and  Richard  Langley,  University  of  New  Brunswick . . 1681-1689 

Precision  Landing  Tests  with  Improved  Integrity  Beacon  Pseudolites 

Stewart  Cobb,  David  Lawrence,  Boris  Pervan,  Clark  Cohen,  David  Powell,  and  Brad  Parkinson,  Stanford  University . 827-833 

Aircraft  Approach  and  Landing  Studies  with  the  Global  Positioning  System 

Douglas  Hardwick  and  Jeffrey  Liu,  National  Research  Courwil  of  Canada . . .  1393-1401 

GNSS  Combined  with  Head-Up  Display  for  Precision  Landing 

Jean-Fran^ois  Jehl  and  Luc  Baron,  SEXTANT  Avionique . 1417-1424 

Precise  Real-Time  Positioning  (also  see  Surveying,  Geodesy,  and  Gravimetry) 

High  Precision  Real-Time  Positioning  Using  Low  Cost  OEM  Sensors 

Adel  Tabsh  and  Hugh  Martell,  Premier  GPS,  Inc.;  Darren  Cosandier,  The  University  of  Calgary .  1433-1441 

High-Rate  Precise  Real-Time  Positioning  Using  Differential  Carrier  Phase 

Dariusz  Lapucha,  Richard  Barker,  and  Ziwen  Liu,  John  E.  Chance  &  Associates .  1443-1449 


Maintaining  GPS  Positioning  in  Steep  Tbrns  Using  T\vo  Antennas 

David  Lawrence,  H.  Stewart  Cobb,  Clark  Cohen,  Jock  Christie,  J.  David  Powell,  and  Bradford  Parkinson,  Stanford  Univ. .  1451-1459 

Precise  RTK  Positioning  Using  the  New  RTCM-104  V2.1  Standard 

J.P.  Thomas  Goguen  and  Timo  Allison,  Trimble  Navigation .  1461-1466 

First  Results  Using  the  New  DGPS  Real-Time  Deformation  Monitoring  System  ‘DREAMS” 

Gunter  Hein  and  Bernhard  Riedl,  University  FAF  Munich .  1467-1475 

Real-Time  Precise  Marine  Navigation:  Description  and  Results 

Hans-Jiirgen  Euler  and  Craig  Hill,  LeicaAG;  Urs  Muller,  terra  vermessungen .  1477-1484 

Development  and  Implementation  of  a  Centimeter-Accurate  Real-Time-Kinematic  Positioning  System 

Herbert  Landau,  Christian  Pagels,  and  Ulrich  Vollath,  terraSat  GmbH . . .  1485-1491 

Temporal  Characteristics  of  Multipath  Errors 

Ahmed  El-Rabbany,  Alexandria  University .  1493-1497 

Utilizing  a  Low  Cost  GPS  Receiver  for  Centimeter  to  Sub-meter  Accuracy  Real-Time  and  Post-Processed  Applications 

Geraint  Ffoulkes-Jones,  Navstar  Systems  Ltd;  Darren  Cosandier,  Premier  GPS  Inc .  1499-1508 

Interferometric  Flight  Inspection  Systems:  Development  and  Flight  Test  Results 

D.  Stratton,  Parker  Hannifin  Corporation .  1607-1614 

An  Evaluation  of  Precise  Kinematic  On-The-FIy  GPS  Positioning  with  Respect  to  a  Moving  Aircraft 
Alan  Evans,  Bruce  Hermann,  and  Christopher  Law,  Naval  Surface  Warfare  Center; 

Benjamin  Remondi,  The  XYZ's  of  GPS,  Inc.;  Thomas  Briggs  and  Thomas  Nelson,  Navla  Air  Warfare  Center .  1623-1628 

Development  and  Testing  of  a  Mobile  Pseudolite  Concept  for  Precise  Positioning 

Tom  Holden,  Stanford  Telecom;  John  Racquet,  Gerard  Lachapelle,  Weigen  Qiu,  and  C.  Pelletier, 

The  University  of  Calgary;  Anthony  Nash,  746th  Test  Squadron;  Patrick  Fenton,  NovAtel . 817-826 

Precise  Time  end  Frequency 

Time  Calibration  Using  the  INMARSAT  Geostationary  Overlay  Signal  From  the  AOR-W  Satellite 

James  LaMance  and  Alison  Brown,  NAVSYS  Corporation;  Bruce  Haines,  Willy  Bertiger,  and  Sien  Wu,  JPL . 1175-1181 

Precise  GPS  Time  Transfer  to  a  Moving  Vehicle 

Tor  Egil  Melg^d  and  David  Last,  University  of  Wales;  Bernard  Thomas,  DCN  Brest  (DGA) .  1229-1236 

RAiM  (see  integrity) 

SeiecUve  Aveiiabiiity  Estimation 

Selective  Availability  via  the  Levinson  Predictor 

Timothy  Barnes,  Zeta  Associates,  Inc . 533-542 

Space  Appiications 

An  Autonomous  GNSS-based  Orbit  Determination  System  for  Low-Earth  Observation  Satellites 

Jorge  Potti,  Juan  Carlos  Carmona,  and  Pelayo  Bemedo,  GMVS.A.;  Pierluigi  Silvestrin,  ESA/ESTEC . 173-182 

Results  of  a  Automated  GPS  IVacking  System  in  Support  of  Topex/Poseidon  and  GPSMet 

Ronald  Muellerschoen,  Stephen  Lichten,  Ulf  Lindqwister,  and  Willy  Bertiger,  Jet  Propulsion  Laboratory . 183-193 

GPS  Multipath  Modeling  and  Verification  Using  Geometrical  Theory  of  Diffraction 

Susan  Gomez,  Robert  Panneton,  and  Penny  Saunders,  NASA/LBJ  Space  Center;  Shian  and  Ba  Lu,  Lockheed  Martin .  195-204 

Application  of  Fuzzy  Logic  and  Multisensor  Data  Fusion  Techniques  to  On-board  GPS-based  Spacecraft  Navigation 

Stefano  Giacomini,  University  of  Milano;  Livio  Mmadi,  LABEN  S.pA . . 205-216 

GPS  Autonomous  Relative  Navigation  and  Time  IVansfer  for  Orbiting  Space  Vehicles 

Duncan  B.  Cox,  Jr.,  DBC  Communications,  Inc.;  John  D.W  Brading,  Eroding  Systems  and  Technology . 217-228 


GPS  Tracking  Experiment  of  a  Dree-Flyer  Deployed  from  Space  Shuttle 

Bob  Schutz,  P.A.M.  Abusali,  Christine  Schroeder,  and  Byron  Tapley,  University  of  Texas  at  Austin; 

Michael  Exner  and  Rick  McCloskey,  University  Corporation  for  Atmospheric  Research; 

Russell  Carpenter,  Michael  Cooke,  and  Samantha  McDonald,  NASA/Johnson  Space  Center; 

Nick  Combs,  University  of  Houston;  Courtney  Duncan,  Charles  Dunn,  and  Tom  Meehan,  NASA/JPL . 

GPS  Receiver  Design  and  Requirement  Analysis  for  the  Stanford  Gravity  Probe  B  Relativity  Mission 

Hirohiko  Uematsu  and  Bradford  Parkinson,  Stanford  University;  E.  Glenn  Lightsey,  NASA  Goddard  Space  Flight  Center  .... 
National  Satellite  Testbed  (NSTB)  GPS  Satellite  Clock/Ephemeris  Determination  Analysis  and  Results 

Scott  Pogorelc,  Mark  Lorenz,  Kelly  Murdock,  Brent  Harding,  Tim  Cashin,  and  Donna  Kraus,  Stanford  Telecommunications 
GPS  Techniques  for  Navigation  of  Geostationary  Satellites 

Pascale  Ferrage,  Jean-Luc  Issler,  Genevieve  Campan,  and  Jean-Claude  Durand,  French  National  Space  Agency  (CNES) . 

Relative  GPS  Navigation  for  ATV  Rendezvous 

Michael  Frezet,  Herve  Marcille,  Virginie  Pascal,  and  Jean  Michael  Pairot,  Matra  Marconi  Space; 

Hubert  Barre,  Massimo  Cislaghi,  and  Ulrich  Thomas,  European  Space  Agency . 

A  Combined  GPS/GLONASS  High  Precision  Receiver  for  Space  Applications 

Stuart  Riley,  Neil  Howard,  Eric  Aardoom,  and  Peter  Daly,  University  of  Leeds;  Pierluigi  Silvestrin,  ESA  ESTEC . . 


229-235 

237-246 

247-256 

257-268 

269-278 

835-844 


Spacecraft  Orbit  and  Attitude  Determination  (aise  see  Attitude  Determination) 


Evaluation  of  DoD  GPS  Satellite  Orbits  Using  NASA  Laser  Ranging  Data 

James  O’Toole  and  Michael  Merrigan,  Naval  Surface  Warfare  Center . 

GPS  Attitude  Determination  and  Navigation  Flight  Experiment 

J.  Kurt  Brock,  Rich  Fuller,  Brian  Kemper,  Dave  Mleczko,  J.  Rodden,  and  Alfred  Tadros,  Space  Systems/LORAL . 

The  GPS  Attitude  Determination  Flyer  (GADFLY):  A  Space-Qualified  GPS  Attitude  Receiver  on  the  SSTI-Levris  Spacecraft 

Frank  Bauer,  E.  Glenn  Lightsey,  Stephen  Leake,  Jon  McCullough,  James  O’Donnell, 

Kate  Hartman,  and  Roger  Hart,  NASA  Goddard  Space  Flight  Center . 

Argos  Navigation  and  Attitude  Determination  System 

Jon  Petway,  Rockwell . 

Experimental  Results  of  Using  the  GPS  for  SFU  Onboard  Navigation 

Tsutomu  Ichikawa  and  Keiken  Ninomiya,  The  Institute  of  Space  andAstronautical  Science; 

Susumu  Kumagai  and  Masaki  Mistutake,  Hitachi  Ltd. . 

A  Practical  Demonstration  of  Low  Cost  Autonomous  Orbit  Determination  Using  GPS 

Martin  Unwin  and  Martin  Sweeting,  University  of  Surrey . 

Applicability  of  GPS-based  Orbit  Determination  Systems  to  a  Wide  Range  of  HEO  Missions 

Jorge  Potti  and  Pelayo  Bemedo,  GMV  S.A. ;  Alessandro  Pasetti,  ESA/ESTEC . 

Performance  Evaluation  of  the  GPS  Yaw  Bias  Implementation 

Yoaz  Bar-Sever,  Jet  Propulsion  Laboratory . . . 

Effect  of  GPS  Orbit  Accuracy  on  GPS-determined  Topex/Poseidon  Orbit 

H.  J.  Rim,  B.  E.  Schutz,  P.A.M.  Abusali,  and  B.  D.  Tapley,  University  of  Texas  at  Austin . 

Use  of  GPS  for  Precise  and  Operational  Orbit  Determination  at  ESOC 

Tomas  Martfn  Mur,  John  Dow,  and  Nicholas  Bondarenco,  European  Space  Agency;  Stefano  Casotto,  Univeritd  Padova; 

Joachim  Feltens,  mbp  Informationstechnologie  GmbH;  Carlos  Garcia  Martinez,  GMV  S.A . 

An  Autonomous  GNSS-based  Orbit  Determination  System  for  Low-Earth  Observation  Satellites 

Jorge  Potti,  Juan  Carlos  Carmona,  and  Pelayo  Bemedo,  GMV  S.A.;  Pierluigi  Silvestrin,  ESA/ESTEC . 

National  Satellite  Testbed  (NSTB)  GPS  Satellite  Clock/Ephemeris  Determination  Analysis  and  Results 

Scott  Pogorelc,  Mark  Lorenz,  Kelly  Murdock,  Brent  Harding,  Tim  Cashin,  and  Donna  Kraus,  Stanford  Telecommunications . 


...  45-54 
545-554 

555-562 

563-572 

573-577 

579-587 

589-598 

599-611 

613-617 

619-626 

173-182 

247-256 


Surveying,  Geodesy,  end  Grevimetpy 

A  Comparison  of  GPS  and  Satellite  Altimetry  for  Height  Monitoring  on  an  Offshore  Production  Platform 

Moira  Tighe  and  John  Macgregor,  Shell  U.K.  Expbration  and  Production . 

A  GPS  Positioning  Results  Using  Precise  Satellite  Ephemerides,  Clock  Corrections  and  Ionospheric  Grid  Model  with  Jupiter 

Yang  Gao,  James  McLellan,  and  Mohamed  Abousalem,  Pulsearch  Navigation  Systems,  Inc. . 

A  Compact  Earth  Tides  Algorithm  for  WADGPS 

James  Sinko,  SRI  International . . . 


Evaluation  of  DoD  GPS  Satellite  Orbits  Using  NASA  Laser  Ranging  Data 

James  O’Toole  and  Michael  Merrigan,  Naval  Surface  Warfare  Center . 45-54 

Improved  Ambiguity  Resolution  by  Regional  Differential  Modelling  of  the  Ionosphere 

Lambert  Wanninger,  TU  Dresden,  Germany . . 55-62 

An  Efficient  Algorithm  for  Batch  Estimation  of  Non-Dynamic  Parameters  of  Double-Differenced  GPS  Phase  Measurement 

H.  Rim,  B.  Schutz,  and  B.  Tapley,  University  of  Texas  at  Austin . .  63-71 

Determining  Earth  Orientation  by  Global  Positioning  System  at  the  US  Naval  Observatory 

Peter  Kammeyer  and  James  Rhode,  US  Naval  Observatory . 73-81 

Programme  of  Research  of  CEI  (Central  European  Initiative)  Countries  in  Geodesy  and  Geodynamics 

Janusz  Sledzinski,  Warsaw  University  of  Technology . 83-91 

Sakhalin  Island  GPS  Survey:  A  Case  History 

Paul  Godwin,  Mobile  Oil  Corporation;  Sergey  Duginov,  Romona  Ltd.;  John  Brown,  Geodetic  Technology  Company . 93-104 

Economics  of  GPS  and  CORS 

William  Young,  Riverside;  Yehuda  Bock  and  Shelley  Marquez,  Scripps  Institute  of  Oceanography . 105-113 

High  Precision  Highway  Profiles  Using  Helicopter  Borne  ‘On-The-Fly’  GPS 

Paul  Hansen  and  Chris  Joy,  The  University  of  Nottingham . 291-298 

Airborne  Gravimetry  by  GNS/INS  A  Comparison  of  Filtering  Methods 

Youcef  Hammada,  The  University  of  Calgary . 339-347 

Twenty-Centimeter  Kinematic  DGPS  Positioning  With  Digital  Barometry 

John  Schleppe,  James  McLellan,  Jill  Battie,  and  J.  Scott  McCarron,  Pulsearch  Navigation .  1831-1840 

Effects  of  the  Ionosphere  and  Cycle-Slips  in  Long  Baseline  Dynamic  Positioning 

George  Dedes  and  Angela  Mallett,  The  Ohio  State  University . .  1081-1090 

Fast  Ambiguity  Resolution  Using  an  Integer  Nonlinear  Programming  Method 

Ming  Wei  and  Klaus-Peter  Schwarz,  The  University  of  Calgary . 1101-1110 

Improving  the  Reliability  of  OTF  Ambiguity  Resolution  with  Dual  Frequency  GPS  Observations 

Gang  Lu,  M.  Elizabeth  Cannon,  and  Gerard  Lachapelle,  The  University  of  Calgary . 1111-1116 

Ambiguity  Resolution  Over  Long  Baselines  for  Airborne  Differential  GPS  Positioning 

J.  Sonntag  and  C.  Martin,  EG&G;  W  Krabill,  NASA  Goddard  Space  Flight  Center . . . 1117-1126 

Testing 

Development  of  High-Rate  Differential  GPS  Reference  for  Operational  Testing 

William  Mosle  and  Andy  Chasko,  746th  Test  Squadron,  Holloman  AFB .  1637-1644 

Summary  of  the  Initial  GPS  Test  Standards  Document:  ION  STD-101 

Stewart  Teasley,  Rockwell  Telecommunications;  James  Bybee,  Cibola  Information  Systems .  1645-1653 

The  746th  Test  Squadron:  An  All-Inclusive  GPS  Test  and  Evaluation  Facility 

Dan  Crouch,  Chip  Mosle,  and  Michael  Novy,  746th  Test  Squadron,  Holloman  AFB .  1655-1664 

Time  to  First  Fix:  A  Definition  and  Recommended  Test  Method 

Leonard  Kruczynski,  Trimble  Navigation;  Stewart  Teasley,  Rockwell  Communications . . .  1665-1672 

Carrier  Phase  GPS  Time^  Space,  Position  Information  Demonstration  (CAPTIDE) 

Greg  Costable,  E/g/n  AFB . . .  1673-1680 

The  Effect  of  Tropospheric  Propagation  Delay  Errors  in  Airborne  GPS  Precise  Positioning 

Virgflio  Mendes,  J.  Paul  Collins,  and  Richard  Langley,  University  of  New  Brunswick .  1681-1689 

Measuring  User  Equipment  Errors  from  Holloman  Flight  Test  Data 

Joseph  Chfford  and  Raymond  DiEsposti,  The  Aerospace  Corp.;  Andrew  Chasko,  Amcomp  Corporation; 

Kenneth  Wemle,  CIGTF;  Gregory  Fairbanks,  GPSJPO,  AFSMC,  LA  AFB .  1691-1701 

Mobile  Inertial  Test  System:  A  Dynamic  Testbed  for  the  EDGE  Flight  Tests 

Theodore  Herrera  and  Brian  Taylor,  Elgin  AFB .  1703-1711 

HIL  Testing  of  the  Navy  LEAP  GPS/INS  Package 

George  Stupp  and  David  Lehnus,  JHU  Applied  Physics  Laboratory . 1713-1719 

Flight  Test  Program  to  Develop  a  New  Terminal  Instrument  Procedures  TERPS  for  GPS  Approaches 
John  Fagan,  Hazem  Hejjo,  Travis  Fox,  and  Bill  Archer,  University  of  Oklahoma; 

Ralph  Sexton,  Innovative  Solutions  International;  Gerry  McCartor,  FAA .  1575-1587 


Theoretical  and  Tutorial  Subjects 


Monograph  on  GPS  Antispoofing 

Phillip  Ward,  Navward  GPS  Consulting .  15634571 

Unique  and  Emerging  Appiications 

A  New  Navigation  Algorithm  Using  Only  Information  From  Measurement 

Benlin  Xu,  University  of  New  Brunswick . 309-318 

The  Reduction  of  Airborne  Magnetic  Noise  Via  GPS 

L.  Bobb,  W  Gelatka,  D.  DePersia,  A.  Salik,  and  S.  Swyers,  Naval  Air  Warfare  Center . 443-447 

Real-Time  Landslide  Detection  System  Using  Precise  Carrier  Phase  GPS 

Hitoshi  Kondo,  Furuno  Electric  Co.,  Ltd.;  M.  Elizabeth  Cannon,  The  University  of  Calgary .  1877-1884 

GPS-Based  Launched  Vehicle  IVacking  Using  a  Common  Multi-Patch  Antenna  Configuration 

M.  Santina,  J.  Leung,  G.  Smit,  J.  Tekawy,  and  G.T.  Seng,  The  Aerospace  Corporation; 

J.  McKay  and  S.  Bandel,  Hughes  Aircraft  Co .  1885-1893 

GPS  Goes ‘Beyond  the  Gate’ 

Samuel  Shaw,  California  Maritime  Academy;  Jack  Hunter,  California  DOT .  1895-1903 

Experimental  Demonstration  of  GPS  for  Rendezvous  Between  Two  Prototype  Space  Vehicles 

Kurt  Zimmerman  and  Robert  Cannon,  Stanford  University .  1905-1913 

Application  of  GPS  Technology  to  Part  141  Flight  Training 

James  Ly diH,  Embry-Riddle  Aeronautical  University . 1915-1921 

A  GPS  Based  Nuclear  Radiation  Detection  Device  IVaining  System 

Edward  Groeber,  US.  Army  Chemical  and  Biochemical  Defense  Command .  1923-1926 

Geometric  Correction  of  Airborne  Multispectral  Scanner  Imagery  Using 
GPS  Position  and  Attitude  and  Digital  Elevation  Models 

Lawrence  Fisher,  Lockheed  Environmental  Systems  and  Technologies .  1597-1606 

Wide  Area  Augmentation  System 

A  Wide  Area  Augmentation  System  (WAAS)  Service  Volume  Model  and  Its  Use  in 
Evaluating  WAAS  Architectures  and  Design  Sensitivities 

Walter  Poor,  Thomas  Albertson,  and  Pauline  Yen,  The  MITRE  Corporation . . . 629-637 

An  Algorithm  for  Inter-frequency  Bias  Calibration  and  Application  to  WAAS  Ionosphere  Modeling 

Yi-chung  Chao,  Yeou-Jyh  Tsai,  Todd  Walter,  Changdon  Kee,  Per  Enge,  and  Brad  Parkinson,  Stanford  University . 639-646 

Incorporation  of  Orbital  Dynamics  to  Improve  Wide-Area  Differential  GPS 

Juan  Ceva  and  Bradford  Parkinson,  Stanford  University;  WiUy  Bertiger,  Ron  Muellerschoen,  and  Thomas  Yunck,  JPL . 647-659 

Validation  of  the  RTCA  Message  Format  for  WAAS 

Yeou-Jyh  Tsai,  Per  Enge,  Yi-Chung  Chao,  Todd  Walter,  Changdon  Kee,  Jennifer  Evans, 

Andrew  Barrows,  David  Powell,  and  Bradford  Parkinson,  Stanford  University . 661-670 

The  Ability  of  a  RADGPS  to  Provide  the  Accuracy  and  Integrity  Required  for  En-Route  Navigation 

Richard  Famworth,  UK  National  Air  Traffic  Service;  Stuart  Jolley,  Poke  Manor  Research;  Andrew  Lovett,  Racal  Avionics . 671-676 

Integrating  WAAS  with  LAAS  to  Avoid  Signal  Spoofing 

Vis  Sankaran  and  Donald  Benson,  Dynamics  Research  Corporation . 677-684 

Exact  Formula  for  User  Range  Error  in  Wide  Area  Differential  GPS 

Henry  Beisner,  Paradeigma,  Inc.;  Arthur  Dorsey,  Loral  Federal  Systems . 685-693 

WAAS  Sensor  Interference  Testing 

Trent  Skidmore,  Ohio  University;  Mark  Johnson,  Rockwell  International . 695-703 

A  Study  for  Performance  Enhancements  of  the  Asian-Australian  GPS  Augmentation  System  (AAAS) 

Yanming  Feng,  Kurt  Kubik,  and  Jizhang  Sang,  Queensland  University  ofTechnology;  Jingnan  Liu,  Wuhan  TU .  705-711 

GNSS  Integrity  Monitoring  at  High  Latitudes 

Gillian  Richards,  Andrew  McGregor,  and  Reg  Harlow,  DRA  Bedford;  Andrew  Watt  and  Bemd  Tiemeyer,  Eurocontrol . 689-696 

A  Proposed  GPS  Block  HF  Satellite  Design  with  Civilian  Dual  Frequency  and  WAAS  Signals 
Mohan  Ananda,  Prem  Munjal,  and  K.T.  Woo,  The  Aerospace  Corporation; 

Rich  Cole,  Innovative  Solutions  International;  Steve  Steiner,  U.S.  Air  Force .  1857-1868 


National  Satellite  Testbed  (NSTB)  GPS  Satellite  Clock/Ephemeris  Determination  Analysis  and  Results 

Scott  Pogorelc,  Mark  Lorenz,  Kelly  Murdock,  Brent  Harding,  Tim  Cashin,  and  Donna  Kraus,  Stanford  Telecommunications . 247-256 

Time  Calibration  Using  the  INMARSAT  Geostationary  Overlay  Signal  From  the  AOR-W  Satellite 

James  LaMance  and  Alison  Brown,  NAVSYS  Corporation;  Bruce  Haines,  Willy  Bertiger,  and  Sien  Wu,  JPL . 1175-1181 

Real-Time  TEC  Determination  for  Ionospheric  Modeling  in  WADGPS 

Jose  Fraile-Ordonez,  Kayser-Threde  GmbH . 1193-1197 

An  Improved  Ionospheric  Correction  Method  for  Wide-Area  Augmentation  Systems 

Anthony  Mannucci,  Brian  Wilson,  and  Dah-Ning  Yuan,  Jet  Propulsion  Laboratory .  1199-1208 

Test  Results  of  Wilcox  Electric’s  Ionospheric  Monitoring  Network 

Craig  Stull,  Wilcox  Electric;  A.  J.  Van  Dierendonck,  AJ  Systems . 1219-1228 

WADGPS  Ionospheric  Correction  Model  Performance  Simulation 

Tysen  Mueller,  Seagull  Technology  Inc,;  Bob  Hamry  and  Andrew  Johnson,  Rockwell  International .  1237-1246 

Development  of  Real-Time  Algorithms  to  Estimate  the  Ionospheric  Error  Bounds  for  WAAS 
Robert  Conker,  Bakry  El-Arini,  and  Thomas  Albertson,  The  MITRE  Corporation; 

John  Klobuchar,  USAF  Phillips  Laboratory;  Patricia  Doherty,  Boston  College .  1247-1258 

Autonomous  Vehicle  Using  WADGPS 

Daljit  Singh,  Naval  Air  Warfare  Center;  Harkirat  Grev/sl,  American  GNC .  1333-1338 

A  Modified  Frequency-Locked  Loop  for  Improved  WAAS  Carrier  Tracking 

Gary  McGraw  and  Bernard  Schnaufer,  Rockwell  International . 1553-1562 

Global  Optimization  of  GPS  Augmentation  Architectures  Using  Genetic  Algorithms 

Samual  Pullen,  Per  Enge,  and  Bradford  Parkinson,  Stanford  University .  1403-1415 


Plenary  Session 


General  Chair: 

Dr.  Richard  Greenspan 
Draper  Laboratory 


Program  Chair: 

Dr.  M.  Elizabeth  Cannon 
The  University  of  Calgary 


GPS  -  The  Ulthna  Thule  of  Navigation 

James  Schlesinger 
Keynote  Address 

The  Satellite  Division  of  The  Institute  of  Navigation 
8th  International  Technical  Meeting 
Palm  Springs,  California 
September  12,  1995 


Ladies  and  Gentlemen: 

I  am  delighted  to  be  here  with  you  this  evening.  It 
is  my  responsibility  to  launch  this  symposium  on  the  impact 
of  the  Global  Positioning  System.  This  stunning  technologi¬ 
cal  achievement,  created  by  our  Department  of  Defense, 
probably  (though  not  certainly)  provides  the  Ultima  Thule  in 
navigation.  When  the  ancient  Greek  explorers  ventured 
beyond  the  Pillars  of  Hercules  and  proceeded  north  along  the 
coast  of  western  Europe  they  reached  a  place,  the  northern¬ 
most  part  of  the  inhabited  world,  where  the  sun  shone 
continuously  and  which  they  called  Thule.  They  also 
envisaged  going  even  further  toward  a  place  they  called 
Ultima  Thule — a  phrase  which  in  modem  times  has  come  to 
mean  the  farthest  limit  possible.  With  the  deployment  of  the 
Global  Positioning  System,  mankind  is  now  approaching 
such  a  limit  for  navigation. 

Yet  even  as  we  approach  this  long  dreamed  of  goal, 
we  seem  to  be  encountering  new  problems  (though  really 
reinforced  old  problems).  Our  attitude  towards  this  monu¬ 
mental  achievement  appears  to  be  marked  by  ambivalence. 
For  navigation  in  the  past  the  fatal  risk  lay  in — inaccuracy. 
Navigational  error  regularly  entailed  catastrophic  results. 
Now  new  fears  are  being  generated  regarding  the  conse¬ 
quences  of— accuracy .  Perhaps  there  is  something  in  human 
nature  that  invents  challenges;  if  something  is  inaccurate, 
how  do  I  make  it  accurate?  But,  paradoxically,  if  it  is 
accurate,  my  God,  how  do  I  make  it  inaccurate?  If  GPS 
provides  the  ultimate  solution  to  the  problems  of  navigation, 
while  removing  much  of  its  adventure,  nonetheless  it  does 
generate  problems  of  its  own. 

Perhaps  I  should  acknowledge  my  own  limited 
credentials  for  addressing  this  professional  Society.  During 
World  War  II  many  was  the  flight  which,  due  to  errors  in 
navigation,  wound  up  in  the  wrong  country.  I,  however, 
once  had  a  boss  at  RAND  who  claimed  to  be  the  only 
navigator  in  the  Air  Corps  who  managed  to  navigate  his 
plane  to  the  wrong  continent. 


In  those  days  at  RAND,  since  we  recognized  the 
need  to  pursue  high  missile  accuracy  for  hard-target  kill,  we 
were  concerned  about  systematic  bias  in  inertial  guidance 
systems.  Therefore  when  I  arrived  at  the  Pentagon,  I 
demanded  that  the  Services  do  something  to  develop  a  hard- 
target  kill  capability,  which  the  Soviets  were  on  the  verge  of 
introducing  into  their  own  forces.  In  particular  I  insisted  that 
the  Navy  acquire  accuracy  for  the  Poseidon  force.  (The 
Navy  at  the  time  was  quite  disinterested  in  accuracy,  regard¬ 
ing  itself  as  a  force  oriented  towards  city-busting.)  In  my 
office  I  would  ruminate  about  RAND-type  fixes  such  as  star- 
trackers  or  transponders.  In  the  course  of  this  persistent 
pursuit  of  missile  accuracy,  I  gave  a  substantial,  if  though 
somewhat  unintentional  push,  to  the  development  of  GPS. 
Some  six  months  after  my  arrival  at  the  Pentagon,  full 
development  of  the  GPS  was  authorized.  It  ultimately  led  to 
substantial  improvement  in  most  forms  of  precision-guided 
weapons — though  at  the  time  the  main  motive  may  have 
been  simply  to  soothe  the  boss. 

Though  we  did  not  realize  it  then,  development  of 
GPS  perhaps  represents  the  culmination  of  the  long  and 
intriguing  history  of  navigation.  Those  South  Sea  Islanders 
who  developed  techniques  of  navigation,  not  yet  fully  un¬ 
derstood  by  us,  thereby  acquired  a  power  and  status  just 
below  the  ruling  monarch,  consequently  sought  to  preserve 
those  techniques  as  jealously  guarded  secrets.  In  the  fourth 
century  B.C.  in  the  West,  Pytheas  of  Massilea,  whose  works 
are  now  largely  lost  to  us,  ventured  out  into  the  Atlantic  and 
reached  Thule.  In  the  fifteenth  century,  Prince  Heniy  the 
Navigator,  established  at  Cape  Vincent  a  school  of  naviga¬ 
tion.  This  was  followed  by  the  mapping  of  Africa  by  Vasco 
daGama  and  others  and  the  development  of  new  routes  to 
India  and  the  East.  Then  came  the  voyages  and  (Dare  I  say 
it  in  this  era  of  political  correctness?)  the  discoveries  of 
Columbus.  For  two  and  a  half  millennia,  the  progress  of 
navigation  has  been  one  spectacular  adventure. 

But  there  is  a  problem.  Those  who  develop  the 
techniques  of  navigation,  wish  to  exploit  them,  yet  deny  their 
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use  to  other  parties  for  “improper”  purposes.  One  can  fully 
sympathize  with  this  objective.  Still,  history  offers  scant 
encouragement  that  it  can  be  achieved  for  a  very  long  period. 
The  rain  falls  on  the  just  and  the  unjust.  Technology 
becomes  available  to  both  the  good  and  the  bad.  When  the 
sextant  was  developed  in  the  eighteenth  century,  all  too  soon 
it  became  available  to  pirate  raiders.  In  1714  the  English 
Government  offered  a  prize  of  twenty  thousand  pounds  to 
whoever  could  solve  the  problem  of  accurately  measuring 
longitude.  With  remarkable  diligence  John  Harrison  la¬ 
bored  for  decades  to  develop  his  maritime  timekeeper — 
though  it  took  many  additional  decades  before  he  received 
the  appropriate  recognition  and  award.  It  took  almost 
another  century  before  the  British  Navy  equipped  its  ships 
with  chronometers. 

Who  would  than  have  imagined  that  those  chro¬ 
nometers  would  ultimately  be  used  by  a  German  Empire  to 
threaten  through  unrestricted  submarine  warfare  the  very 
existence  of  Britain  herself?  Admiral  Jellicoe  called  the 
submarine  menace  “the  greatest  peril,  which  ever  threatened 
the  population  of  this  country.”  The  British  rather  huffily 
asserted  that  such  attacks  on  commercial  shipping  “involve 
a  total  disregard  of  the  canons  of  naval  warfare.”  When  the 
Germans  declared  the  waters  surrounding  Great  Britain  as 
closed  to  shipping,  the  British  (and  the  Americans)  pro¬ 
claimed  that  such  action  was  not  “legitimate.”  That  did  not 
prevent  the  British  some  seventy  years  later  from  declaring 
an  exclusion  zone  around  the  Falklands  during  the  Argentine 
war.  The  belief  that  one  nation  can  benefit  from  the  tech¬ 
niques  of  navigation  while  denying  it  to  their  foes  is  quite 
simply  an  illusion.  It  is,  in  fact,  the  illusion  of  that  inspired 
inventor  of  rugby  football  who  believed  that  he  alone  would 
be  allowed  to  pick  up  the  ball  and  run  with  it.  Britain,  after 
all,  was  destined  to  rule  the  waves.  Who  would  imagine  that 
some  day  German  upstarts  might  abuse  the  very  techniques 
that  the  British  themselves  had  painfully  developed. 

What  is  the  relevance  for  today?  Technologies 
cannot  for  long  be  denied  to  others.  (We  cannot  successfully 
emulate  those  South  Sea  Islanders  who  preserved  their 
techniques  as  hereditary  secrets.)  The  very  use  of  technol¬ 
ogy  will  likely  accelerate  its  spread.  A  balance  must  be 
struck  between  exploitation  and  protection — and  that  bal¬ 
ance  must  be  thought  out  with  care,  recognizing  the  real 
forces  at  play. 

Free  societies — ^more  precisely,  open  societies — 
are  by  their  nature  particularly  vulnerable  to  seeing  their  own 
technical  achievements  turned  against  them  by  their  foes. 
During  much  of  the  Cold  War,  on  the  first  of  the  month,  when 
new  maps  went  on  sale,  a  woman  from  the  Soviet  Embassy 
would  regularly  appear  at  the  Geological  Survey  to  purchase 
the  newly  published  maps.  Her  appearance  was  so  reliable 
that  the  staff  at  the  Survey  had  a  package  of  the  new  maps 


ready  and  waiting  for  her  when  she  arrived.  In  brief,  we  were 
providing  the  Soviet  Union  with  information  on  the  location 
of  their  targets  in  our  country  far  better  than  we  then  had  on 
target  location  in  the  Soviet  Union.  And,  by  the  nature  of  our 
society,  we  could  do  little  about  it.  We  would  be  forced  to 
compensate  by  other  means. 

All  this  casts  light  on  the  interconnected  and  per¬ 
plexing  problems  that  the  National  Academy  of  Public 
Administration  (NAPA)  and  the  National  Research  Council 
addressed  in  their  joint  study  for  the  Congress  of  the  Global 
Positioning  System.  If  I  may  be  so  bold  as  to  suggest,  the  two 
parts  of  the  study  complemented  and  reinforced  each  other 
very  effectively.  In  my  remarks  this  evening,  however,  I 
shall  primarily  be  addressing  the  NAPA  portion  of  the  joint 
study.  The  charge  given  to  NAPA  by  the  Congress  was  to 
study  the  national  security,  governance,  commercial,  and 
international  aspects  of  GPS  technology.  The  way  the 
charge  was  worded  seemed  to  suggest  that  these  issues  could 
be  addressed  individually.  We  soon  discovered  that  the 
synergies  among  them  were  so  strong  that  they  would  all 
have  to  be  addressed  simultaneously.  Let  me  review  the 
evolution  in  our  thinking. 

The  initial  predisposition  of  our  panel  was  to  state 
that  national  security  was  preeminent  and  that  judgments 
about  commercial  or  international  considerations  should 
derive  from  the  primacy  of  national  security.  The  United 
States  had  a  major  asset  in  the  GPS  system  managed  by  the 
Department  of  Defense,  which  had  done  so  noteworthy  a  job 
in  bringing  the  system  on  line.  Our  predisposition  with 
respect  to  governance  was  therefore  based  on  the  ancient 
rule  of  thumb— “if  it  ain’t  broke,  don’t  fix  it”.  With  respect 
to  governance,  consequently,  we  saw  no  need  to  change  the 
system  of  Air  Force  operational  management  and  DoD 
dominance  in  policy  matters. 

Gradually  our  views  were  altered  by  the  weight  of 
rapidly  changing  conditions.  To  address  national  security  in 
isolation  and  to  ignore  these  rapid  changes  in  conditions 
would,  we  came  to  believe,  ultimately  undermine  the  Ameri¬ 
can  position. 

First,  we  were  simply  staggered  by  the  unantici¬ 
pated  explosion  in  the  non-military  uses  of  GPS.  These 
included,  of  course,  civilian  usage,  as  in  aviation,  still 
substantially  determined  by  government  policies.  But  it  also 
included  a  veritable  explosion  of  commercial  uses  wholly 
separated  from  government.  No  one  had  ever  dreamed  the 
use  of  GPS  would  expand  so  rapidly.  Moreover,  the  DoD 
grossly  underestimated  the  demand  at  the  margin  for  accu¬ 
racy  in  civilian  uses — and  the  consequent  spur  to  differential 
systems.  The  pace  of  growth  in  commercial  activities  and  its 
expected  continuation  meant  that  these  commercial  consid¬ 
erations  would  come  to  dominate  policy.  Commercial 
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activities  would  soon  exceed  90  percent  of  total  demand  and 
military  usage  would  shrink  to  less  than  10  percent.  If  we 
attempted  to  sustain  the  status  quo  in  perpetuity,  we  would 
be  swept  away. 

Second,  the  explosion  appeared  to  be  growing  even 
more  rapidly  outside  of  the  United  States.  To  a  greater  or 
lesser  extent  other  nations  expressed  some  degree  of  unease 
regarding  a  system  whose  control  lay  in  the  hands  of  the  U. 
S.  Department  of  Defense.  The  suspicion  of  and  resistance 
to  relying  permanently  on  such  arrangements  appeared  to  be 
increasing. 

It  was  our  belief  that  the  satellite  system  was  a 
“natural  monopoly”,  in  the  sense  that  long-run  cost  curves 
continued  to  decline.  That  meant  that  the  service  would  most 
efficiently  and  at  lowest  cost  be  provided  by  a  single  sup¬ 
plier.  But  if  foreign  unease  about  the  control  of  the  system 
was  not  quieted,  even  though  there  would  be  a  loss  of 
efficiency,  over  time  other  systems  were  likely  to  come  into 
play  in  addition  to  the  DoD’s  GPS  system.  There  has  been 
at  least  some  preliminary  discussions  overseas  of  develop¬ 
ing  a  separate  network  not  subject  to  DoD  control.  Some  of 
it  was  associated  with  upgrading  the  Russian  GLONASS 
system  to  make  it  into  a  more  effective  alternative.  Once 
again,  it  became  clear  that  any  attempt  simply  to  maintain  the 
status  quo  would  over  the  long  run  be  self-defeating. 

Thus,  both  the  commercial  and  the  international 
aspects  meant  that  our  initial  predisposition  not  to  change 
what  had  not  appeared  to  be  broken  could  not  be  sustained. 
This  ultimately  determined  our  views  regarding  gover¬ 
nance.  We  decided  that  operational  management  should 
remain  with  the  Air  Force.  We  concluded  that,  even  with  the 
best  will  in  the  world,  the  DoD  would  not  adequately  take 
into  account  the  growing  and  somewhat  specialized  needs  of 
the  civilian  community.  Consequently,  we  argued  that  the 
civilian  agencies  have  a  growing  role  in  determining  policy. 
In  particular,  the  Department  of  Transportation  should  take 
the  lead  on  behalf  of  civilian  agencies — but,  if  and  only  if, 
the  Department  substantially  strengthened  its  capacity  to 
contribute  to  policy  formation.  We  also  believed  that,  over 
time,  other  nations  would  have  to  be  granted  a  greater  voice 
in  policy  councils  for  the  system.  This  would  be  necessary 
to  provide  sufficient  assurance  to  other  nations  that  their 
needs  would  be  met,  that  they  would  not  go  off  on  their  own. 
But  that  greater  voice  for  other  nations  would  also  imply 
their  contribution  to  the  cost  of  the  system. 

This  brings  us  back  to  the  fundamental  dilemma 
regarding  the  conflicting  impulses  with  respect  to  policy — 
and  the  ambivalence  that  springs  from  those  conflicts  to 
which  I  referred  at  the  outset.  On  the  one  hand,  we  fear  that 
the  GPS  signal  will  in  the  future  be  exploited  by  hostile 
parties  to  inflict  damage  on  us  either  in  military  operations 


or  in  attacks  on  civilian  targets.  Yet,  on  the  other  hand,  we 
demand  the  benefits  of  high  accuracy  for  many  civilian 
purposes — above  and  beyond  U.  S.  or  Alliance  military 
operations.  The  compromise,  intended  to  provide  some 
degree  of  protection  against  the  abuse  by  others  of  accuracy, 
is  selective  availability — through  which  the  DoD  “dithers” 
the  signal  intended  for  civilian  users.  But  we  are  still  uneasy 
with  the  compromise;  indeed  we  are  downright  schizo¬ 
phrenic.  After  the  Exxon  Valdez  accident,  the  Congress 
prescribed  that  all  tankers  would  be  GPS-equipped  to  help 
preclude  a  similar  accident.  Therefore  the  Coast  Guard  will 
provide  for  navigational  purposes  a  correction  of  the  dith¬ 
ered  signal.  In  addition,  we  seek  extremely  high  accuracy 
for  air  traffic  control,  especially  in  the  vicinity  of  crowded 
airports.  Therefore  we  are  providing  local  differential 
systems  and  the  FAA  is  proceeding  to  establish  a  Wide  Area 
Augmentation  System.  Quite  clearly  the  effect  is  to  under¬ 
mine  the  impact  of  the  deliberately  dithered  signal.  Perhaps 
more  significantly,  from  the  standpoint  of  military  opera¬ 
tions,  other  nations  are  proceeding  to  correct  the  signal 
through  their  own  differential  systems.  Over  time,  the 
dithered  signal  will  be  corrected  nigh-on  universally,  and 
selective  availability  will  lose  whatever  purpose  it  serves. 

In  what  is,  no  doubt,  the  most  controversial  recom¬ 
mendation,  the  two  panels  recommended  that  selective 
availability  be  turned  off  now.  While  all  of  us  understand  the 
original  motives  for  developing  selective  availability,  we 
believe  that  in  these  changed  circumstances  selective  avail¬ 
ability  has  become  counterproductive  even  on  national  secu¬ 
rity  grounds.  In  particular,  it  has  accelerated  the  worldwide 
spread  of  differential  systems  which  would  counter  its 
potential  utility  in  times  of  crisis.  It  has  increased  awareness 
in  foreign  military  establishments  of  the  possibilities  and  the 
consequences  of  the  dithered  signal — and  the  need  for 
countering  the  effects.  The  National  Research  Council 
panel  concluded  that  any  country  sufficiently  sophisticated 
to  exploit  the  GPS  signal  would  be  sufficiently  sophisticated 
to  include  the  differential  adjustments  needed  to  offset 
selective  availability. 

It  is  to  be  noted  that,  although  selective  availability 
normally  is  turned  on,  it  has  been  turned  off  on  two  interest¬ 
ing  occasions:  during  Desert  Storm  and  during  the  invasion 
of  Haiti.  The  assumption  quite  clearly  was  that  our  foes  were 
not  in  a  position  to  exploit  the  GPS  signal  at  all — certainly 
not  in  their  weapons  systems.  But  the  latter  is  also  true  for 
other  relevant  nations.  This  results  in  the  following  irony.  In 
the  initial  period,  while  other  nations  have  had  insufficient 
time  to  incorporate  the  GPS  system  into  their  anack  capabili¬ 
ties,  selective  availability  remains  on.  It  also  spurs  the  rapid 
spread  of  differential  systems,  which  neutralize  selective 
availability.  By  the  time  other  nations  are  finally  able  to 
exploit  a  GPS  signal  in  their  offensive  capabilities,  selective 
availability  will  have  been  rendered  essentially  useless.  Not 
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only  does  selective  availability  carry  \vith  it  the  seeds  of  its 
own  destruction,  it  accelerates  that  destruction.  In  our 
judgment  it  would  be  far  better  to  turn  selective  availability 
off  now,  and  turn  it  on  only  when  it  becomes  relevant  in  an 
actual  confrontation. 

The  DoD  reaction  has  been  to  fight  tooth  and  nail 
against  the  Panel’s  recommendation.  The  DoD  has  stated 
that  “any  change  in  the  implementation  of  SA  will  be  a 
virtually  irrevocable  step”.  Why  irrevocable?  Is  this  an 
example  of  a  perennial  Pentagon  fear  that  the  final 
decisionmakers  cannot  be  counted  on  to  do  the  sensible  thing 
in  times  of  crisis?  So  why  not  limit  their  options?  If  the  final 
authorities  cannot  be  relied  upon,  selective  availability  should 
be  on  continuously.  Scant  consideration  is  given  to  the 
inconvenience  and  to  the  substantial  and  growing  costs  to  the 
civilian  sector  or  to  scientific  measurement  which  result 
from  selective  availability  being  continuously  on — ulti¬ 
mately  to  guard  against  the  untrustworthiness  of  the  highest 
authorities. 

The  DoD  has  also  suggested  that  failure  to  keep 
selective  availability  on  continuously — even  before  foreign 
foes  have  introduced  use  of  the  signal  in  their  offensive 
capabilities — endangers  our  forces  in  the  field.  It  is  note¬ 
worthy  that  no  realistic  scenario  has  been  put  forward  to 
indicate  just  how  our  forces  are  put  at  risk.  I  can  only  infer 
that,  in  the  absence  of  selective  availability,  someone  is 
going  to  launch  a  surprise  attack  on  U.  S .  forces — ^prior  to  S  A 
being  turned  on.  I  am  not  sure  just  who  might  be  planning 
to  launch  such  an  attack.  Iran?  Iraq? 

I  find  that  scenario  lacking  in  credibility,  to  say  the 
least.  There  have  been  very  few  parties  prepared  to  launch 
surprise  attacks  against  U.  S.  forces  in  past  decades.  Any 
such  attacks  have  taken  place  after  U.  S.  forces  are  deployed 
and  engaged.  Given  the  immense  shift  in  the  balance  of 
power  since  the  end  of  the  Cold  War  and  given  the  prepon¬ 
derant  military  position  of  the  United  States,  such  a  scenario 
stretches  credulity.  Few  nations  really  are  seeking  to  delib¬ 
erately  bring  the  United  States  into  the  field  against  them. 

Nonetheless,  it  is  true  that  once  other  countries 
acquire  a  GPS  capability,  absent  appropriate  U.  S.  measures, 
U.  S.  forces  will  be  in  greater  danger  from  precision-guided 
and  other  weapons.  There  are,  however,  steps  the  United 
States  can  and  should  take  to  reduce  those  dangers.  We  must 
take  further  advantage  of  electronic  warfare.  It  is  always 
necessary  to  invest  further  to  maintain  military  advantage. 

The  GPS  signal  poses  many  serious  problems  for 
the  military  with  which  we  are  yet  to  come  to  grips.  Some 
are  procurement  problems.  One  notes  that  on  December  17 
of  last  year,  a  U.  S.  Army  helicopter  was  shot  down  after 
straying  into  North  Korea.  Though  it  was  moving  along  one 


of  the  touchiest  frontiers  in  the  world,  the  chopper  was  not 
equipped  to  receive  the  GPS  signal.  One  also  recalls  that 
during  the  Gulf  War  civilian  receivers  were  quickly  pro¬ 
cured— because  of  the  cost,  weight  and  production  problems 
associated  with  the  military  version.  Incidentally,  those 
receivers  were  purchased  by  the  Japanese  as  part  of  their 
contribution  to  the  Gulf  War.  This  may  have  been  due  to  the 
Japanese  not  being  hampered  by  cumbersome  U.  S.  procure¬ 
ment  procedures. 

In  addition  to  such  procurement  problems,  perhaps 
even  more  serious  is  the  reality  that  U.  S.  military  command¬ 
ers  have  yet  to  come  to  grips  with  the  simple  fact  that  in  the 
future  our  foes  may  be  taking  advantage  of  the  GPS  signal. 
There  remains  a  belief  that,  like  that  inspired  inventor  of 
rugby  football,  we  alone  can  pick  up  the  ball  and  run  with  it. 

Let  me  repeat.  When  the  system  was  laid  down, 
given  the  many,  many  uncertainties,  there  was  excellent 
reason  to  incorporate  selective  availability.  Even  now, 
selective  availability  would  certainly  add  to  the  cost  and 
might  add  to  the  uncertainty  of  a  hypothetical  foe  exploiting 
the  signal  against  us.  Nonetheless,  with  the  change  in 
circumstances,  selective  availability  has  on  balance  become 
either  useless  or  even  counterproductive.  At  best  it  lies 
somewhere  between  a  talisman  and  a  smokescreen.  It  is  a 
capability,  for  which  the  original  motivation  has  passed,  and 
for  which  justification  is  still  sought  for  its  continuous 
employment.  It  reflects  a  frequently-encountered  military 
belief  that  even  when  a  capability  is  useless  or  counterpro¬ 
ductive,  it  should  remain  in  the  inventory — until  a  replace¬ 
ment  is  found. 

Let  me  close  with  this  observation.  It  will  be 
recalled  that  on  his  first  voyage  to  America,  Columbus  kept 
two  sets  of  charts — one  to  mislead  his  crew  to  prevent  their 
worrying  too  much  about  their  location,  the  other  for  him¬ 
self — a  dramatic,  if  early  example  of  selective  availability. 
(History  does  not  record  whether  or  not  Columbus  used  the 
term,  dithering,  in  reference  to  these  false  charts.)  Eventu¬ 
ally  it  turned  out  that  the  charts  for  the  crew,  which  were 
intended  to  deceive,  were  more  accurate  than  the  charts 
Columbus  intended  for  his  own  use.  Ladies  and  Gentlemen, 
there  just  might  be  a  moral  there.  To  be  sure,  Columbus’ 
deception  may  have  been  more  likely  to  succeed  in  fooling 
others  than  our  own  selective  availability.  Yet,  in  such 
deceptions,  the  real  risk  is  that  we  may  fool  ourselves. 

Thank  you  and  have  a  productive  meeting. 
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Panel  Members: 

Moderator  -  Mr.  Keith  McDonald 

Dr.  James  Schlesinger,  Mr.  Joseph  Canny,  Mr.  Gil  Klinger,  Mr.  Larry  Adams, 
Mr.  Charles  Trimble,  Dr.  Scott  Pace,  and  Col.  John  Caldwell,  USAF 


Dr.  Elizabeth  Cannon,  ION  GPS-95  Program  Chairman: 
“The  last  part  of  our  program,  which  I  think  will  be  very 
exciting,  is  our  panel  discussion,  and  that  will  be  chaired  by 
Mr.  Keith  McDonald.  Keith  is  President  of  Sat  Tech 
Systems,  a  satellite  technology  consulting  firm,  and  is  also 
Chairman  and  Technical  Director  of  Navtech  Seminars.  He 
served  as  Scientific  Director  of  the  DOD  navigation  satellite 
program  and  as  Executive  Director  of  the  Steering  Group 
which  initiated  the  Navstar  GPS  system  in  the  1970s. 

Following  this,  he  served  in  the  FAA  as  Director  of  the 
Aeronautical  Satellite  Division,  and  later  the  Systems 
Analysis  Division.  Mr.  McDonald  has  been  active  in  the 
work  of  RTCA  Special  Committees.  He  has  been  very  active 
within  the  Institute  of  Navigation,  and  served  as  ION 
President  in  1990-1991.  He  received  the  Norman  P.  Hayes 
award  for  his  contributions  to  the  advancement  of  navigation 
and  served  as  a  member  of  the  National  Academy  of 
Sciences/  National  Research  Council  Study  on  the  Future 
of  GPS.” 

Mr.  McDonald:  “Good  evening.  We  have  an  interesting 
program  this  evening,  the  subject  of  which  has  caused  some 
controversy  recently.  We  have  an  outstanding  group  of 
people  to  address  the  recent  developments  in  GPS  as  well  as 
the  controversy. 

The  format  for  the  panel  tonight  will  dispense  with  any 
initial  speeches  or  overview  discussions.  We  will  proceed 
directly  to  questions.  However,  I  would  like  to  set  the  stage 
for  a  moment.  To  obtain  an  interesting  set  of  questions  for 
the  session  this  evening,  I  asked  several  of  the  panel  mem¬ 
bers,  among  others,  to  provide  questions,  and  they  were  very 
helpful.  Actually,  one  submitted  four  questions  complete 
with  answers,  (laughter)  It  occurred  to  me  that  we  could 
provide  answers  to  the  panel  and  see  if  they  could  come  up 
with  the  questions.  If  I  recall,  Johnny  Carson  used  to  do  that 
with  some  success.  Answers  might  include:  “leave  SA 
alone!  “,  “5-10  meters”,  and  “we  don’t  care”,  (laughter) 


There  have  been  a  number  of  important  investigations 
relating  to  GPS  during  the  last  few  years.  These  investiga¬ 
tions  include  the  study  by  the  National  Academy  of  Sciences 
and  the  National  Research  Council,  an  investigation  that 
spanned  about  a  year  and  was  chaired  by  Mr.  Larry  Adams, 
who  is  on  our  panel  tonight.  Concurrently,  the  National 
Academy  of  Public  Administration  (NAPA)  completed  a 
study,  chaired  by  Dr.  James  Schlesinger.  The  White  House 
Office  of  Science  and  Technology  Policy  has  also  recently 
completed  a  study.  We  have  with  us  Dr.  Scott  Pace,  the  chair 
of  that  study.  There  also  have  been  a  number  of  studies 
which  the  DOT  has  sponsored;  Mr.  Joe  Canny  of  DOT,  who 
was  involved  in  these,  is  with  us  tonight. 

We  have  as  well,  representatives  of  the  DOD  management 
of  GPS.  Some  may  criticize  certain  aspects  of  GPS, 
but  I  think  we  all  agree  that  the  DOD  certainly  gets  high 
marks  for  bringing  a  very  capable  GPS  into  operation  and  for 
continuing  its  deployment.  This  system  has  changed  the 
course  of  navigation.  We  have  Mr.  Gil  Klinger  with  us  from 
the  Office  of  the  Secretary  of  Defense  in  the  Pentagon, 
and  we  have  Col.  John  Caldwell,  Deputy  Program  Manager 
of  the  GPS  Joint  Program  Office.  I  would  now  like  to 
formally  introduce  our  panel  and  then  we  will  go  directly  to 
the  questions. 

Mr.  Joseph  Canny  is  Deputy  Assistant  Secretary  for 
Transportation  Policy  and  International  Affairs.  He 
majored  in  physics,  science  and  political  science  at  MIT, 
attended  Rutgers  and  Yale,  worked  in  city  government  in 
New  Haven  originally,  and  joined  DOT  in  1970.  He  was 
appointed  Deputy  Assistant  Secretary  for  Transportation 
Policy  and  International  Affairs  in  1990.  Joe  Co-Chaired 
the  1993  DOD/DOT  Task  Force  on  GPS  and  was 
instrumental  in  elevating  that  activity  to  the  Assistant 
Secretary  level,  thereby  achieving  a  higher  profile  for 
this  work  in  the  Department.  He  also  serves  on  the  DOT 
GPS  Executive  Board. 
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Directly  to  his  left  is  Scott  Pace.  Dr.  Pace  is  a  Public  Policy 
Analyst  with  the  Rand  Corporation’s  Critical  Technology 
Institute,  and  chairs  the  White  House  OSTP  Study.  He  is 
also  Senior  Vice  President  and  a  member  of  the  Board  of 
Directors  of  the  National  Space  Society. 

Next  is  someone  we  have  seen  frequently  over  the 
years-Charlie  Trimble,  President  of  Trimble  Navigation. 
He  received  his  bachelor’s  in  Engineering  Physics  with 
Honors,  and  his  Master’s  in  Electrical  Engineering  from  Cal 
Tech.  He  has  four  patents,  one  in  GPS,  and  he  runs  perhaps 
the  leading  company  in  the  world  in  the  manufacture  of 
GPS  equipment. 

Dr.  James  Schlesinger  has  already  been  introduced. 
Mr.  Larry  Adams,  to  his  left,  is  the  retired  President  and 
Chief  Operating  Officer  of  the  Martin  Marietta  Corporation. 
He  is  an  Aeronautical  Engineer  from  the  University  of 
Minnesota,  and  was  President  of  the  Aerospace  Division 
before  becoming  Martin  Marietta’ s  President.  He  has  served 
on  numerous  US  Air  Force  committees  and  panels,  and  has 
chaired  several  National  Research  Council  committees. 
Larry  is  a  former  President  of  the  American  Institute  of 
Aeronautics  and  Astronautics,  and  recently  chaired  the 
National  Research  Council  study  on  GPS. 

Next  is  Mr.  Gil  Klinger.  He  is  with  the  Office  of  the  Under 
Secretary  of  Defense  for  Acquisition  and  Technology,  and  is 
the  Principal  Assistant  Deputy  Under  Secretary  for  Space. 
Mr.  Klinger  also  was  with  the  Rand  Corporation  as  a 
Political  Science  consultant,  with  the  Carnegie  Endowment 
for  International  Peace,  and  a  number  of  years  ago,  worked 
as  an  intern  and  analyst  for  Senator  Proxmire.  He  did  his 
master’s  in  Public  Policy  at  the  John  F.  Kennedy  School  at 
Harvard  University. 

Finally,  we  have  Colonel  John  Caldwell,  who  assumed 
duties  as  the  Deputy  Director  of  the  GPS  Joint  Program 
Office  earlier  this  year.  Born  in  Kansas  City,  Missouri,  he 
received  a  Bachelor  of  Science  in  Electrical  Engineering 
from  Arizona  State,  and  was  commissioned  in  1971.  Col. 
Caldwell  also  has  a  Master’s  in  Business  Administration. 
He  went  through  navigator  training  and  combat  training  with 
the  F4  Phantom  at  Mather  Air  Force  Base.  He  also  com¬ 
pleted  a  tour  as  a  Staff  Development  Engineer  with  the 
Defense  Nuclear  Agency.  Prior  to  this  session,  I  mentioned 
to  John  that  there  might  be  some  DOD-bashing  tonight,  and 
he  said  his  tour  at  DNA  had  given  him  a  thick  skin.  He  served 
as  FI 6  System  Program  Manager  at  Wright  Patterson  AFB, 
and  was  Program  Manager  for  the  acquisition  of  the  Block- 
40  version  of  the  F16’s.  He  went  to  the  JPO  in  early  1994  as 
Program  Manager  of  user  equipment. 

I  would  now  like  to  start  the  prepared  questions.  After  three 
or  four  of  these,  we  will  take  a  few  questions  from  the 
audience. 


The  first  question  is  for  Dr.  Schlesinger,  Mr.  Adams,  and 
Mr.  Trimble.” 

QUESTION  1:  If  S A  is  removed  from  the  GPS  civil  signal 
and  some  other  evolutionary  improvements  are  made  to  the 
control  segment,  it  appears  that  stand-alone  civil  GPS 
accuracy  at  this  time  would  be  reduced  from  the  100  meter 
level  to  the  5- 10  meter  level.  Will  this  have  an  adverse  effect 
on  the  differential  equipment  manufacturers  and  cause  a 
decrease  in  the  growth  of  the  GPS  industry  ?  Also,  what  is  the 
view  of  the  GPS  manufacturers  on  this? 

Mr.  Adams:  “We,  in  the  course  of  our  study,  addressed  that 
issue.  We  were  a  little  concerned  that  we  may  be  killing  the 
goose  that  laid  the  golden  egg,  so  to  speak.  So  we  actually 
contracted  with  Booz,  Allen  and  Hamilton,  who  had  done 
studies  and  analyses  on  GPS  for  several  years. 

They  first  gave  us  a  presentation  of  the  work  they  had  done 
with  SA  present  on  the  GPS  signal.  We  asked  them  to 
analyze  the  impact  of  removing  S  A.  The  result  was  that  there 
would  be,  in  a  certain  segment  of  the  differential  GPS 
market,  an  impact  from  the  improved  accuracy  of  GPS. 
However,  Booz  Allen’s  analysis  indicated  that  this  “loss” 
would  be  more  than  recovered  by  the  provision  of  differen¬ 
tial  services  in  the  higher  accuracy  realm.  The  removal  of 
selective  availability  would  indeed  make  systems  better  in 
many  applications,  and  more  accurate,  and  also  increase 
their  use. 

GPS  systems,  it  appeared,  would  be  much  more  effective 
and  in  greater  demand,  especially  for  uses  needing  more  and 
more  accuracy.  That  is  where  we  came  down.  I  believe  that 
the  NAPA  study  independently  arrived  at  similar  results.” 

Dr.  Schlesinger:  “The  question  is,  with  the  increase  in  civil 
accuracy,  that  is,  achieving  5-10  meters,  would  that  ad¬ 
versely  affect  the  differential  equipment  manufacturers? 
The  answer  is,  sure.  It  obviously  will  affect  them  because 
there  may  be  a  lesser  quantity  of  their  services.  As  Larry  has 
underscored,  the  studies  we  have  done  indicate  a  much 
larger  expansion  of  the  differential  area  and  the  equipment 
may  or  may  not  be  cheaper,  and  the  aggregate  revenues  of  the 
industry  may  or  may  not  be  less.” 

Mr.  Trimble:  “In  terms  of  looking  at  SA  in  the  near  term, 
there  is  very  little  question  that  removing  SA  would  affect 
the  augmenting  suppliers.  However,  most  of  this  would  be 
because  of  the  uncertainty  -  especially  in  the  investment 
community  of  what  the  effect  would  be. 

If  you  look  at  the  fact  that  GPS  is  really  an  information 
technology  in  a  mobile  environment,  you  require  computa¬ 
tion,  communication,  and  position.  You  are  virtually  always 
going  to  have  both  communication  and  positioning  and  the 
real  opportunities  of  the  augmented  service  suppliers  are  in 
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providing  a  combination  of  messaging  with  differential 
corrections.  So  there  is  a  service  that  is  natural  and  is  major. 

The  other  thing  to  look  at  is  that  most  commercial  demands 
on  differential  GPS  are  not  for  use  at  the  2  meter  and  less 
demanding  accuracy  levels.  There  is  a  great  expansion  in  the 
submeter  level  now.  A  7-meter  system  without  selective 
availability  doesn’t  help  when  you  need  good  accuracy  as 
well.” 

Mr.  McDonald:  “Thank  you.  The  next  question  is  for 
Mr.  Canny  of  DOT.” 

QUESTION  2:  DOD  apparently  plans  to  maintain  selec¬ 
tive  availability  for  the  foreseeable  future.  The  NAPA  and 
NRC  studies  concluded  that  S  A  serves  no  useful  purpose  and 
should  be  turned  to  zero  immediately  and  deactivated  within 
three  years.  As  the  current  joint  manager  in  GPS  Policy  and 
Planning  with  DOD,  what  is  the  current  DOT  position  on 
SA?  Do  you  agree  with  the  current  NAPA  and  NRC 
recommendations?  If  not,  please  explain. 

Mr.  Canny:  “Secretary  Schlesinger  made  a  very  compel¬ 
ling  case  with  his  remarks  as  to  why  we  need  to  look  beyond 
the  historical  basis  for  survival  purposes  for  putting  SA  in 
place.  In  our  relationship  with  defense,  we  are  not  quite  that 
far  apart  and  we  are  prepared  to  defer  to  their  judgment  on 
the  national  security  policy  for  S  A.  The  results  of  the  joint 
task  force  study  that  we  did  about  two  years  ago  concluded 
that  turning  off  S  A  would  be  neither  necessary  nor  sufficient 
for  the  users.” 

Dr.  Schlesinger:  “The  DOD  Senate  FY96  authonzation  bill 
from  the  Senate  Armed  Services  Committee  states  that  SA 
should  be  turned  off  at  a  date  certain,  well  before  the  end 
of  the  century.” 

Mr.  McDonald:  “Thank  you  very  much.  We  have  a  copy 
of  the  bill  which  Dr.  Schlesinger  cited,  iho  National  Defense 
Authorization  Act  for  Fiscal  ^96,  which  has  the  language 
he  referred  to.  The  next  question  is  to  Mr.  Canny  and 
Mr.  Klinger.” 

QUESTION  3:  One  of  the  recent  NAPA/NRC  study  rec¬ 
ommendations  for  enhancing  GPS  performance  for  civil  and 
commercial  users,  is  that  immediate  steps  be  taken  to  autho¬ 
rize  the  use  of  a  second  civil  L-band  frequency  for  an 
additional  GPS  civil  signal  and  that  this  new  signal  be  added 
to  the  Block  HR  Satellites  at  the  earliest  opportunity.  As  the 
civil  interface  between  DOD  and  the  public,  is  DOT  taking 
the  necessary  steps  to  insure  that  future  GPS  satellites 
contain  an  additional  civil  L-band  frequency,  and  if  so,  what 
is  the  status  of  these  efforts?  Also,  how  does  the  DOD  view 
these  recommendations? 


Mr.  Canny:  “Let  me  first  say  one  last  thing  on  the 
prior  question.  The  FAA  is  going  to  need  to  deploy  an 
augmentation  system  to  meet  their  requirements,  irrespec¬ 
tive  of  any  access  to  SA  or  the  cost  associated  with  these 
navigational  systems. 

With  respect  to  the  issue  of  a  second  L-Band  frequency:  yes, 
we  have  gone  forward  and  it  is  an  excellent  example  of  the 
cooperation  between  the  DOT,  the  FAA  and  the  DOD.  The 
RFP  for  the  Block  IIF  satellites  will  contain  an  option  for 
adding  a  second  civil  frequency.  We  are  in  the  process  of 
trying  to  provide  that  additional  frequency,  and  if  it  is 
positive,  we  will  try  and  come  up  with  a  source  of  funding. 
We  will  be  looking  at  that  cooperation.” 

Mr.  McDonald:  “Joe,  are  these  comments  related  to  the  HR 
or  the  IIF?” 

Mr.  Canny:  “The  IIF.  The  HR  is  a  different  problem. 
Retrofitting  the  IIRs  may  not  be  cost  effective.” 

Mr.  Klinger:  “As  a  matter  of  policy,  we  have  no  objection 
to  an  additional  civil  frequency  (on  the  GPS  satellites)  with 
a  couple  of  caveats.  One  is  that  we  would  not  place  an 
additional  civil  frequency  on  top  of  current  military  frequen¬ 
cies.  We  are  vigorously  opposed  to  that  for  reasons  that  are 
probably  beyond  the  need  to  discuss  here.  Anyone  who  is 
familiar  with  the  GPS  issues  for  discussion  can  ask  Colonel 
Caldwell,  who  can  speak  to  the  technical  issues  far  better 
than  I.  But  as  a  matter  of  policy,  we  are  supportive  of  that 
kind  of  change. 

The  second  caveat  goes  to  the  issue  of  Block  HR. 
Dr.  Schlesinger,  you  have  described  rather  colorfully  the 
ineptitude  that  the  Department  manifests  in  major  system 
acquisitions  and  procurements.  All  I  can  do  is  agree  with 
that.  In  my  experience,  that  is  the  way  we  do  business.  One 
thing  we  don’t  need  to  do  is  to  add  to  that  track  record.  In  that 
regard  our  feeling  is  that  to  make  a  change  to  Block  HR  right 
now  would  bust  that  procurement  wide  open.  And  the 
guidance  that  Paul  Kaminsky  and  Bill  Perry  have  given  to 
Bob  Davis  and  myself  is  that  under  no  conditions  are  we  to 
take  any  actions  with  regard  to  the  GPS  constellation  that 
presents  even  a  minimal  risk  of  opening  up  a  hole  in  that 
constellation.  I  think  fooling  around  with  a  Block  HR 
procurement  at  this  point  would  pose  just  that  sort  of  risk  and 
we  are  profoundly  risk-aversive  to  doing  that.  Making  this 
kind  of  change  to  the  Block  IIF  we  will  look  at  with  DOT,  but 
we  will  probably  draw  a  line  in  the  sand.” 

Mr.McDonald:  “Thank  you.  The  next  question  also  relates 
to  this  area,  and  is  for  Dr.  Schlesinger  and  Mr.  Canny:” 

QUESTION  4:  Currently  there  appear  to  be  no  substan¬ 
tial  incentives  for  the  DOD  to  accommodate  civil  needs.  For 
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example,  there  are  few  mechanisms  for  civil  funding  or 
involvement  in  DOD  satellites.  Also,  placing  civil  require¬ 
ments  on  DOD  satellites  typically  impact  schedule,  cost  and 
operational  capabilities.  In  what  ways  can  these  concerns 
be  addressed  so  that  GPS  can  become  a  system  that  is 
effectively  managed  for  both  civil  and  defense  purposes? 

Dr.  Schlesinger:  “As  I  indicated  in  my  opening  comments, 
the  DOD,  with  the  best  will  in  the  world,  is  not  going  to  be 
sufficiently  sensitive  to  civil  needs.  Therefore,  there  should 
be  a  stronger  place  for  those  needs  in  policy  deliberations. 
To  this  point,  this  has  been  a  lopsided  arrangement  because 
DOD  is  frequently  much  stronger,  much  abler  and  much 
better  informed  than  civilian  agencies.  We  recommended 
the  establishment  of  an  executive  board.  But  the  strength 
and  the  position  on  that  executive  board,  particularly  of  the 
DOT  which  is  supposed  to  be  the  ultimate  voice  of  the 
civilian  community,  depends  on  DOT’s  strengthening  its 
own  capabilities  and  providing  a  better  voice  with  regards  to 
these  requirements. 

However,  DOD  is  not  invariably  a  charitable  institution. 
And,  to  the  extent  that  there  are  adjustments  in  the  satellite 
configuration  designed  for  civilian  purposes,  it  is  the  civilian 
agencies  that  should  fund  the  augmentation  costs.  That 
should  be  understood.  DOD  ought  not  to  be  called  upon  to 
make  expensive  adjustments  to  this  program  in  order  to 
accommodate  civil  agencies.  Unless  there  is  money  there, 
the  civilian  agencies  are  going  to  be  able  to  talk,  but  they  are 
not  going  to  be  able  to  effectively  help.” 

Mr.  Klinger:  “I  think  it  is  true  by  definition,  that  given  the 
mission  of  the  DOD,  we  do  not  focus,  strictly  speaking,  on 
civilian  equities  and  issues  that  are  of  mutual  interest  to  the 
department,  namely,  national  security  matters  and  matters 
that  spill  over,  and  an  increasingly  large  number  of  matters 
do  spill  over  into  the  civilian  sector.  Having  said  that,  I 
would  point  out  that  there  are  three  tenets  to  the  policy 
framework  with  regards  to  GPS  in  the  DOD.  Two  of  them 
deal  directly  with  military  matters;  namely,  that  as  a  matter 
of  policy  we  are  going  to  develop  and  maintain  a  capability 
to  deny  to  an  adversary  the  use  of  GPS  in  any  form,  whether 
augmented  or  the  basic  system.  The  second  tenet  is  that 
while  doing  that  we  will  maintain  an  uninhibited  and  unin¬ 
terrupted  capability  for  US  forces  and  our  allies  to  make  use 
of  GPS  in  whatever  form  is  necessary. 

The  third  tenet,  and  in  fact  it  is  the  first  one  listed  by  Paul 
Kaminsky  in  any  discussion  about  GPS,  is  this  one:  DOD 
recognizes  that  even  now,  its  equities  with  regard  to  GPS 
constitute,  by  number  or  percentage,  only  a  minority  of 
equities  associated  with  this  system.  Civil  and  commercial 
equities  dwarf  those  of  the  DOD.  Therefore,  as  the  operator 
of  the  system,  while  protecting  the  military  requirements 
associated  with  the  system,  we  are  obliged  to  ensure  that 
civilian  and  commercial  uses  both  now  in  place  and  in  future 


programs  are  accounted  for  in  everything  that  we  do. 
That  includes  the  procurement,  maintenance  and  operation 
of  the  system. 

Having  said  that,  we  have  in  place  a  formal  relationship  with 
the  DOT  that  I  would  say  from  my  own  experience  has  been 
improving  every  day,  as  DOD  and  DOT  struggle  and  try 
to  understand  the  cultural  differences  between  our  two 
missions  and  roles.  We  rely  upon  the  DOT  to  be  the  voice 
for  a  lot  of  the  civilian  user  community.  At  the  same  time, 
civil  and  commercial  uses  are  reflected  in  GPS  operational 
requirement  documents  and  the  presence  of  DOT 
representatives  in  Colorado  Springs  and  elsewhere  reflects 
the  recognition  of  the  Department  of  its  responsibility  to 
account  for  civilian  users.” 

Mr.  Trimble:  “DOD  stewardship  has  clearly  helped  the 
civil  sector.  The  playing  field  has  been  established  for  all 
users  of  the  system.  Nationally  and  internationally,  over  a 
billion  dollars  of  civilian  user  equipment  is  being  purchased 
this  year,  with  probably  50%  of  it  outside  the  United  States, 
a  great  export  market  for  the  US.  Whether  motivation  is 
explicitly  there  or  not,  the  stewardship  is.” 

Mr.  McDonald:  “That’s  an  interesting  perspective.  This 
next  question  is  for  Dr.  Pace.” 

Question  5:  The  study  on  GPS  which  you  chaired  with  the 
White  House  Office  of  Science  and  Technology  Policy  was 
recently  completed  but  has  not  been  released.  Would  you 
comment  on  the  following  two  areas: 

a)  the  status  of  the  report  and  in  particular  the  domestic  and 
international  concerns;  and 

b)  from  the  Office  of  the  President’s  perspective,  what  do 
you  see  as  the  need  for  national  policy? 

Dr.  Pace:  “The  issues  that  prompted  the  study  are  really 
very  simple;  this  technology  is  powerful  and  is  transforming 
sector  after  sector.  One  of  the  things  that  happened  about 
two  years  ago  was  that  many  people  at  the  policy  level  found 
themselves  talking  about  this  strange  thing  called  GPS. 
Effectively,  what  they  were  doing  was  addressing  disaster 
relief,  transportation,  aviation;  and  then  we  had  others  ad¬ 
dressing  GPS  for  timing,  critical  to  the  operation  of  commu¬ 
nications.  They  were  coming  together,  dealing  with  the  same 
overlapping  technology. 

What  we  have  been  trying  to  do  in  this  past  year  is  to  scope 
out  these  issues.  What  needs  to  be  decided  at  the  highest 
level?  The  agencies  should  be  commended  for  the  amount 
of  progress  that  has  been  made  in  this  area.  Nevertheless, 
there  remain  a  series  of  top  level  decisions  that  really  can 
only  be  made  at  the  highest  level.  We  will  soon  see,  I  hope, 
the  first  really  comprehensive  statement  on  GPS  policy  since 
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President  Reagan  made  the  system  available  after  the  KAL 
flight  disaster.  Now  this  statement  will  not  be  revolutionary, 
but  will  be  a  clear  concise  statement  on  GPS  system  policy.” 

Mr.  McDonald:  “Thank  you.  Now  questions  from  the  floor.” 

Question  6,  from  audience  by  Mr.  Bob  French:  “I  have 
a  2-part  question  for  Mr.  Canny  relating  to  SA. 

(1)  You  explained  that  the  impact  of  SA  on  the  FAA’s 
augmentation  system  will  be  nil.  How  about  the  Coast 
Guard  System?  Will  that  be  abandoned  or  will  they  press  for 
higher  accuracies? 

(2)  What  are  the  implications  of  turning  off  SA  for  the 
Intelligent  Transportation  System  program,  ITS.  In  particu¬ 
lar,  for  the  automated  Highway  System  part  of  ITS?” 

Mr.  Canny:  “With  respect  to  the  Coast  Guard  system,  that 
system  is  essentially  complete  and  is  about  to  become 
operational.  With  respect  to  Harbor  Access,  it  is  essentially 
done  in  the  Great  Lakes  and  other  areas.  I  don’t  think  the 
Coast  Guard  envisions  any  significant  improvements  in  that 
system.  That  is  a  relatively  inexpensive  system,  around 
fifteen  million  dollars.  Regarding  intelligent  transportation 
systems,  that  is  probably  the  area  -  land  transportation  use  - 
that  has  a  variety  of  purposes.  Whether  it  is  transportation, 
risk  reduction,  truck  and  transit,  you  name  it,  that  is  probably 
the  area  where  the  greatest  expansion  and  use  of  GPS  will 
occur.  Just  to  get  some  sense,  your  question  implied  accu¬ 
racies  far  better  than  are  obtainable  with  SA  turned  off. 

Mr.  Trimble:  “The  biggest  indicator  that  S A  is  involved  in 
ground  transportation,  comes  in  the  car  navigation  business. 
Roughly  600,000  car  navigation  systems  will  be  sold  world¬ 
wide  this  year.  That’ s  a  100%  annual  rate  of  icrease,  and  this 
is  in  spite  of  SA  on  the  signal.” 

Dr.  Pace:  “S  A  and  GPS  policy  issues  come  back  to  the  point 
that  there  is  no  issue  about  international  acceptance  of  GPS. 
It  is  accepted!  People  are  buying  it  every  day,  paying  for  it, 
and  using  it.  The  distinction  is  that  governments  issue 
certifications  of  safety,  are  responsible  for  national  defense, 
and  have  legitimate  concerns.  But  those  topics  are  really  not 
sticking  points.  The  United  States  has  a  very  important  role 
in  helping  to  shape  that  dialogue,  and  the  implementation  of 
this  technology  around  the  world.  So  we  should  keep  an  eye 
on  those  governments  that  are  trying  to  catch  up.” 

Mr.  McDonald:  “Thank  you,  Dr.  Pace.  Another  question 
from  the  floor.” 

Question  7  by  unidentiHed  speaker  in  audience:  “My 

question  is  to  Mr.Trimble  or  Col.  Caldwell,  and  has  to 
do  with  whether  it  is  preferable  to  turn  off  Anti-Spoofing 
or  SA?” 


Mr.  Trimble:  “The  answer  is  several  things.  This  is  not 
really  an  issue  that  violates  security  or  degrades  the  military 
system  because  fundamentally  what  we’re  trading  off  is 
vulnerability  to  electronic  jamming.  There  is  an  impact 
on  cost.” 

Question  8  from  same  speaker  in  audience:  “Why  can’t 
the  C/A  code  be  transmitted  on  the  L2  channel  in  the  Block 
HR  and  IIP  satellites?” 

Mr.  Trimble:  There  is  equipment  available  today  (to 
receive  the  code  information  on  L2).  If  you  had  asked  a 
person  to  sign  up  for  that  three  years  ago,  he  probably 
wouldn’t  have.  It  is  a  system  approach  that  uses  technology. 
GPS  forms  an  underpinning  that  is  very  useful.  If  someone 
paid  for  a  C/A  code  on  L2,  we  would  clearly  use  it.” 

Mr.  McDonald:  “Along  that  line,  I  might  mention  that 
the  Defense  Science  Board,  NAPA,  and  NRC  reports 
recommended  that  a  C/A  code  should  not  be  placed  on  the 
existing  GPS  L2  frequency.  We  have  another  question  from 
the  floor.” 

Question  9  from  the  audience  by  Mr.  Tom  Stansell: 

“I  would  like  to  make  three  statements.  One  is  to  express  a 
great  deal  of  gratitude  to  Dr.  Schlesinger  for  the  leadership 
that  he  has  been  demonstrating  to  us  in  thinking  about  the 
future  of  the  system.  It  is  really  exciting  to  take  a  fresh  view, 
a  fresh  approach.  I  really  would  like  to  see  that  kind  of  pro¬ 
active  leadership  show  up  in  the  civilian  agencies  that 
represent  the  civil  user. 

Second,  we  have  talked  about  the  impact  of  SA  being  turned 
off  as  a  simple  issue  of  accuracy  improvement.  That  is  true, 
but  what  hasn’t  been  discussed,  and  is  equally  important,  is 
that  turning  off  SA  produces  rather  significant  improve¬ 
ments  to  differential  GPS.  Differential  GPS  achieves  higher 
levels  of  integrity.  Some  signals  can  get  lost  and  fewer 
signals  might  get  through  and  you  could  still  have  good 
differential  GPS  services.  Because  of  that,  coverage  is 
vastly  improved.  The  Coast  Guard  System  will  have  signifi¬ 
cantly  greater  coverage,  simply  because  SA  is  turned  off. 

Third,  without  having  to  change  the  model,  the  accuracy  of 
differential  services  will  be  improved  if  SA  is  turned  off.  So 
turning  SA  off  doesn’t  necessarily  invalidate,  or  eliminate 
the  need  for  differential  services,  but  it  vastly  improves  the 
utility  of  differential.  With  respect  to  the  integrity  issue,  one 
of  the  things  that  needs  to  be  really  thought  through  (and  I 
appreciate  Dr.  Schlesinger’ s  comment  in  this  direction)  is 
that  with  SA  off,  RAIM  integrity  monitoring  becomes  so 
much  more  robust  with  GPS  alone  or  augmented,  I  really 
think  there  is  a  question  needing  to  be  thoroughly  discussed, 
and  that  is,  do  you  really  need  WAAS?” 
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Mr.  McDonald:  “Thank  you,  Tom.  I  think  we  will  return 
now  to  the  panel.  A  question  for  Mr.  Adams  and 
Dr.  Schlesinger:” 

Question  10:  If  SA  is  not  performing  a  useful  military 
function,  why  did  the  NRC  and  NAPA  include  the  option  for 
the  National  Command  Authority  to  reinstate  it  for  three 
years  if  it  really  has  no  use?  Are  there  any  valid  reasons  that 
come  to  mind? 

Mr.  Adams:  “I’ll  comment  on  that.  It  is  a  fact  that  if  enemy 
forces  are  using  (civil)  GPS,  SA  will  indeed  make  their 
unaugmented  accuracy  poorer  -  to  about  40  meters  CEP 
versus  10  meters  without  SA.  So  if  you  were  in  a  battle 
situation  and  it  is  apparent  that  enemy  forces  are  using 
the  straight  GPS  signal  and  did  not  have  available 
the  differential  signal  corrections,  then  indeed,  you  would 
want  S  A  to  help  you  with  point  targets,  because  of  the  40  m. 
to  10  m.  difference. 

When  you  get  to  the  three  years,  there  is  another  situation 
that  occurs.  When  LI  is  denied,  GPS  receivers  have  some 
difficulties  since  they  use  information  from  the  CA  code  on 
LI  for  P/Y -code  acquisition.  It  was  our  belief  that  in  three 
years  time,  the  DoD  should  be  able  to  develop  receivers 
which  could  directly  acquire  the  P/Y  code.  And  if  there  were 
some  lag  in  that,  then  one  could  develop  and  train  people  in 
operational  procedures  which  would  allow  you  to  operate  in 
the  presence  of  jamming.  We  recommended  many  ways  for 
doing  that  and  I  am  sure  the  military  could  come  up  with 
many  others.  That  is  the  rationale  for  the  three  years.” 

Dr,  Schlesinger:  “The  first  point:  SA  always  has  a  usable 
military  function.  The  question  is  whether,  on  balance,  it  is 
useful  militarily.  It  is  performing  a  useful  military  function 
in  that,  to  a  hypothetical  foe  out  there,  it  is  clearly  adding  to 
the  cost  of  his  use  of  the  GPS  signal,  and  it  may  or  may  not, 
add  to  the  uncertainty  with  which  he  deploys  his  forces. 
So  there  is  a  military  use  for  it. 

Second  point:  In  the  transitional  period,  SA  has  probably 
been  counterproductive  rather  than  useful,  in  that  it  has 
speeded  up  the  process  of  providing  differential  systems 
around  the  world  and  it  has  speeded  up  the  process  in  the 
United  States.  And  one  worries  about  domestic  terrorism. 

Down  the  road,  not  in  this  initial  period,  not  in  the  present 
sense,  but  in  the  future,  we  have  the  case  Larry  describes.  A 
hypothetical  foe  acquires  a  useful  capability  utilizing  the 
GPS  signal.  If  that  hypothetical  foe  hasn’t  also  incorporated 
differential  corrections  with  his  weapons  systems,  then  if  we 
turned  on  selective  availability,  it  would  confuse  that  hypo¬ 
thetical  foe.  One  of  the  problems  with  selective  availability 
continuously  running  is  that  it  speeds  the  day  when  that 
hypothetical  foe  would  incorporate  such  adjustments  (e.g. 
differential  corrections)  into  his  weapon  systems.” 


Mr.  McDonald:  “Thank  you.  Now,  a  comment  from 
Mr.  Klinger:” 

Mr.  Klinger:  “I  feel  somewhat  compelled  to  lay  out  some 
sort  of  response  relating  to  this  SA  issue  which  in  my 
experience  with  GPS  is  to  some  degree  missing  the  point.  I 
think  Dr.  Schlesinger  has  articulated  correctly  the  question, 
which  is  not  that  SA  is  useless,  the  question  is  exactly,  on 
balance,  are  we  better  or  worse  off  with  regard  to  having 
SA  in  place. 

The  economics  of  the  issue  is  such  that,  even  with  S  A  turned 
off  continuously,  there  is  still  a  requirement  for  differential 
services  of  the  type  that  are  in  place.  What  does  happen, 
however,  is  that  we  immediately  level  the  playing  field  in  an 
adverse  manner.  All  the  US  receiver  equipment  manufac¬ 
turers  currently  have  a  leg  up  on  foreign  manufacturers  of 
receiver  equipment.  Now  ultimately,  we  might  get  that 
comparative  advantage  back,  but  that  is  not  something 
that  I  think  the  taxpayer  would  be  very  happy  giving  up  to 
begin  with. 

But  to  go  back  to  this  military  argument.  During  the  course 
of  the  NAPA/NRC  studies,  we  made  available,  a  two- 
phonebook  study,  clear  evidence  that  there  were  over  eighty 
some-odd  missions  that  an  adversary  could  perform  with  S  A 
turned  off,  that  now,  cannot  be  performed  as  easily.  Your 
point  was  that  the  adversaries,  if  determined  enough,  if 
bloody-minded  enough,  will  go  off  and  do  that.  With  the 
enemy  perspective,  I  am  just  not  in  a  hurry  to  give  them 
those  advantages. 

And  here  is  one  of  the  ironies  about  SA.  As  Charlie  Trimble 
pointed  out,  our  industry  is  going  to  make  a  boatload  of 
money  from  very  precise  navigation,  which  still  requires 
differential  services.  The  irony  is  that  the  terrorists  in  the 
world  are  going  to  be  able  to  come  after  us  in  ways  that  they 
can’t  right  now,  without  any  differential  services,  but  with 
SA  off. 

Added  to  that,  one  of  the  things  that  this  conference  is 
looking  at,  is  the  interrelationships  between  navigation  and 
GPS  and  other  facets  of  information  capabilities  that  are  now 
available.  In  that  regard,  I  will  point  out  to  you  that  there  is 
about  to  be  unrestricted  availability  of  one  meter  or  ulti¬ 
mately  better,  satellite-based,  commercially-derived  imag¬ 
ery.  Imagine  what  Hamas  or  his  following,  or  the  Iraqis  or 
the  Iranis  are  going  to  do  with  Helios  I-  or  Helios  Il-derived 
imagery,  overlaid  with  an  SA  turned-off  high-precision 
navigation  system.  There  are  all  sorts  of  point  targets  that  are 
not  available  to  these  people  right  now  for  which  a  capability 
can  be  achieved  only  for  a  fairly  significant  investment.  I  am 
not  in  a  hurry  to  make  their  jobs  easier. 

To  add  to  this,  I  think  inside  the  Beltway,  reality  is  -  if  we  turn 
SA  off,  it  doesn’t  matter  what  the  contingency  is,  it  is  never 
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coming  back  on.  It  is  just  not  going  to  happen!  And  for 
evidence  of  that,  I  will  disagree  once  again  (with  Dr. 
Schlesinger  and  the  NAPA/NRC  studies).  I  dont  view  this 
as  a  position  that  reflects  a  judgement  about  the  skill  of 
Mr.  Perry  as  a  decision-maker.  I  believe  it  reflects  reality 
in  Washington. 

I  have  a  point  on  what  Colin  Powell  and  Dick  Cheney  did  in 
Desert  Shield.  We  did  not  just  take  1 00,000  -  200,000  troops 
and  their  equipment  and  put  them  into  the  area  of  responsi¬ 
bility  that  General  Schwartzkopf  had.  We  brought  a  ham¬ 
mer.  We  brought  the  biggest  movement  of  men  and  women 
and  materiel  that  we  have  seen  since  the  end  of  Vietnam. 
One  of  the  motivations  that  Cheney  and  Powell  had  was  the 
sure  knowledge  that  if  they  had  to  go  back  to  the  well  twice 
and  try  and  get  permission  later  on  to  get  more  support,  it  was 
highly  uncertain  that  they  would  get  that  permission. 

My  lesson  from  that  is:  If  we  shut  off  SA,  it  is  not  coming 
back  on.  By  the  way,  what  better  indication  to  an  adversary, 
that  the  82nd  Airborne  will  appear  at  your  door  shortly,  than 
if  suddenly  in  an  environment  in  which  S A  was  turned  off, 
we  now  turned  it  back  on.  The  fact  of  the  matter  is  that  in  the 
Persian  Gulf,  precisely  because  of  the  shortcomings  in  our 
acquisition  system,  as  Dr.  Schlesinger  pointed  out,  we  didn’t 
have  enough  military  receivers  to  go  around. 

In  Haiti  we  had  a  big  advantage.  We  had,  mercifully,  an 
adversary  who  turned  out  to  be  not  an  adversary  at  all  in  the 
sense  we  expected.  We  had  an  adversary  who  simply  lacked 
the  wherewithal  to  make  any  use  whatsoever  of  GPS,  and 
therefore,  there  was  no  thought  (or  concern)  of  turning  off 
SA.  But  I  will  tell  you,  inside  the  Pentagon  there  was  great 
consternation  when  that  decision  was  made  precisely 
because  if  somebody  had  been  listening  in  Haiti,  they  would 
have  known  that  something  was  up,  because  we  shut  it  off. 
The  point  I  am  making  to  you  is  the  reverse  situation  causes 
just  as  great  concern. 

The  last  point  I  will  make  and  then  I  will  get  off  this  soapbox, 
is  that  both  reports  contend  that  one  of  the  things  that  SA 
does  is  incentivize  some  undefined  party  to  put  up  their  own 
navigation  system.  I  think  that  this  is  a  false  premise  in  two 
major  ways.  One,  is  that  GPS  is  a  system  of  technical 
complexity  that  is  fairly  daunting.  It  is  daunting  to  anyone 
that  is  not  in  the  space  business.  The  other  point  is  that  space 
is  the  last  place  you  would  ever  want  to  go  to  do  a  job  if  you 
could  avoid  it.  I  do  not  believe  it  is  a  simple  matter  that  not 
turning  off  S  A  immediately  translates  either  to  the  willing¬ 
ness  or  the  capability  of  any  other  country  to  be  able  to 
simply  go  and  put  up  a  satellite  system.  I  would  characterize 
the  GLONASS  system  (of  Russia)  as  an  example  of  that. 
They  have  tremendous  difficulty  maintaining  that  system.” 
(applause) 


Mr.  McDonald:  “Dr.  Schlesinger,  you  have  a  comment?” 

Dr.  Schlesinger:  “I  am  delighted  to  see  you  on  your 
soapbox!  In  the  first  place,  no-one  was  raising  questions 
about  the  way  Washington  works  or  who  is  the  ultimate 
decision-maker. 

Secondly,  the  interesting  point  that  you  raise  about  the 
advantages  to  American  industry  of  having  selective 
availability  is  to  say  that  we  pose  this  as  a  wonderful  trade 
barrier  and  not  a  tariff  barrier  of  the  sort  that  we  object  to  with 
other  nations,  such  as  Japan.  No  doubt  it  works;  it  works  for 
the  Japanese,  it  works  for  us,  but  it  happens  to  be  against 
United  States  policy. 

Third,  with  regard  to  terrorism,  we  have  differential  systems 
sprinkled  all  over  this  country,  particularly  in  the  neighbor¬ 
hoods  of  the  crowded  urban  airports,  and  near  most  of  the 
juicy  targets  such  as  the  Pentagon  where  you  work.  It 
happens  to  be  covered  by  differential  systems.” 

Mr.  Klinger  interruption:  “Most  of  my  enemies  are  in  the 
E-ring  of  the  Pentagon.”  (laughter) 

Dr.  Schlesinger  continues:  “When  you  referred  to  terror¬ 
ists,  I  didn’t  think  you  were  referring  to  your  colleagues  in 
the  Pentagon!  (great  laughter) 

Now,  with  regard  to  overseas  questions,  there  are  a  sprin¬ 
kling  of  differential  systems  that  will  permit  others  to  go 
after  targets.  And,  as  everybody  in  the  Pentagon  knows,  over 
time,  the  only  way  to  deal  with  these  matters  is  by  using  other 
ways  to  approach  them. 

Finally,  one  should  look  at  other  problems  with  SA  on 
occasion.  This  adds  to  the  force  of  the  recommendation. 
It  increases  the  difficulty  and  inaccuracy  of  scientific 
measurements. ... 

If  Senator  Proxmire  were  still  giving  Golden  Fleece  Awards, 
SA  would  win  one.  . . .” 

[Unfortunately,  audio  tape  was  of  poor  quality  throughout 
and  shut  off  at  this  point.  Convention  center  technicians 
did  not  continue  recording  the  panel  for  about  15-20 
minutes.  Panel  continues  with  Mr.  Trimble  discussing 
GPS  receivers:] 

Mr.  Trimble:  “ ...  If  you  look  at  the  average  selling  price  of 
a  GPS  receiver  on  the  OEM  market,  it’s  $120  and  dropping 
at  30  percent  a  year.  The  big  deal  isn’t  the  application 
solutions.  It’s  a  tracking  and  information  system.  We  see  a 
factor  of  ten  in  terms  of  growth  of  user  equipment  and 
systems  in  the  next  five  years,  and  it’s  basically  going  to  be 
in  information  systems. 
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We  have  already  discussed  L4;  if  something  happens  to  L2, 
we  need  the  additional  civil  frequency.” 

Mr.  McDonald:  “I  think  with  that  we  have  given  Charlie 
Trimble  the  last  word  tonight.  It  is  time  to  close  the  session. 

I  would  like  to  give  my  thanks  to  the  members  of  the  panel: 
Dr.  Schlesinger,  Larry  Adams,  Scott  Pace,  Gil  Klinger,  Joe 
Canny,  Charlie  Trimble  and  John  Caldwell  for  their  partici¬ 
pation  tonight.  Belatedly,  I  would  also  like  to  introduce  the 
new  Director  of  the  GPS  Joint  Program  office.  Colonel  John 
Clay,  USAF  is  with  us  this  evening,  (great  applause) 

Thanks  again  to  the  Panel  and  I  return  the  program  to  your 
Program  Chairman,  Elizabeth  Cannon.” 

Dr.  Cannon:  “Thank  you  very  much,  Keith.  I  will  close  this 
evening’s  Plenary  Session.  I  would  just  like  to  thank  our 
keynote  speaker.  Dr.  Schlesinger  and  Colonel  Worden,  as 
well  as  our  panel  members  and  Keith  for  chairing  our  Panel 
discussion.  It  was  an  exciting  program  this  evening  and  a 
great  start  to  our  meeting  over  the  next  three  days.  Have  a 
good  evening.  I  will  see  you  all  bright  and  early  tomorrow 
morning.”  (applause) 

Plenary  session  closed. 
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ABSTRACT 

In  1993,  Shell  U.K.  Exploration  and  Production, 
operator  in  the  U.K.  sector  of  the  North  Sea  for  Shell 
and  Esso,  carried  out  a  precise  GPS  campaign  for  the 
purpose  of  providing  offshore  height  benchmarks  on 
several  North  Sea  production  platforms.  The  intention 
was  to  reference  the  platforms  to  stable  land  points  in 
order  that  reliable  monitoring  of  platform  height  could 
be  carried  out  in  the  future. 

In  1994.  a  feasibility  study  for  using  Satellite 
Altimetry  in  conjunction  with  a  Transponder  was 
carried  out  on  one  of  the  platforms.  This  paper 
describes  the  Transponder  trial  and  provides  a 
comparison  between  the  heights  derived  from  GPS  and 
altimetry. 

INTRODUCTION 

Shell  U.K.  Exploration  and  Production  is  the  operator 
of  many  oil  and  gas  production  platforms  in  the  U.K. 
sector  of  the  North  Sea.  Recent  modification  work  on 
several  of  the  production  platforms  has  been  carried 
out  to  extend  the  field  life  and  ensure  that  the 
platforms  continue  to  be  a  safe  working  environment. 
One  of  the  aspects  of  the  work  has  been  to  develop  and 
implement  a  precise  measuring  scheme,  which  will  be 
used  to  help  determine  information  about  the  nature  of 
long  term  platform  motions. 

The  Global  Positioning  System  (GPS)  provides  a 
method  of  gaining  centimetric  positional  accuracy  over 


very  long  baselines.  The  relatively  new  method  of 
using  satellite  radar  altimetry  in  conjunction  with  a 
ground  based  transponder  provides  an  additional 
means  of  determining  accurate  height.  Although  it 
may  be  beneficial  to  have  the  three  dimensional 
information  provided  by  GPS,  the  main  interest 
offshore  is  in  the  height  dimension.  The  altimetry 
method,  therefore,  provides  an  interesting  alternative 
to  GPS. 

BACKGROUND 

Until  recently,  it  was  not  possible  to  provide  a  reliable 
means  of  absolute  heighting  for  offshore  production 
platforms.  The  distances  fi^om  the  coast  (and  hence 
from  any  stable  reference  points)  have  ruled  out 
conventional  surveying  techniques.  The  hostile 
offshore  working  environment  has  also  limited  the 
accurate  use  of  GPS,  especially  when  reduced  coverage 
made  multipath  and  cycle  slips  a  limiting  processing 
problem.  It  was  generally  found  that  integer  fixing 
was  not  possible  over  the  long  baselines  between  most 
platforms  and  the  shore,  which  limited  the  positional 
accuracy  to  decimetre  level. 

Over  recent  years,  the  completion  of  the  GPS 
constellation,  the  continuing  progress  in 
instrumentation  design  and  the  use  of  enhanced 
processing  techniques  have  enabled  relatively  cheap 
methods  of  relating  widely  separated  points  to  each 
other  in  a  consistent  co-ordinate  reference  frame. 
These  developments  provided  the  opportunity  to  use 
GPS  to  determine  accurate  positions  for  offshore 
production  platforms. 

GPS  BENCHMARKING  CAMPAIGN 

In  1993,  taking  account  of  the  increasing  emphasis  on 
safety  in  the  North  Sea  and  an  improvement  in 
measuring  technology,  it  was  decided  that  a  prototype 
benchmarking  scheme  would  be  carried  out  on  several 
offshore  platforms,  all  located  at  a  distance  of  some 
200kms  from  the  coast  line  {ref.  5).  The  intention  was 
to  aim  for  an  accuracy  in  the  order  of  a  few 
centimetres  and  a  five  day  observation  campaign  was 
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planned  to  ensure  that  sufficient  data  could  be 
collected  to  achieve  this. 


Fig.  I  1993  GPS  Network 

The  network  included  data  from  six  offshore  platforms 
and  six  other  unknown  land  based  sites  (fig.  1).  These 
were  included  to  minimise  baseline  lengths  from  the 
platforms  to  the  coast  and  thus  help  with  the  integer 
fixing  in  GPS  processing. 

By  including  data  from  five  permanent  GPS  reference 
stations  (see  Table  3)  and  using  precise  orbits 
determined  by  the  International  Geodynamics  Service 
(IGS),  the  unknown  sites  could  be  referenced  to  the 
International  Terrestrial  Reference  Frame,  ITRF92. 
The  epoch  used  was  1993.740  (knowledge  of  this 
enables  any  future  co-ordinates  to  be  corrected  for 
tectonic  movement  of  reference  stations  by  using  plate 
motion  models). 

Although  there  was  no  means  of  reliably  checking  the 
absolute  accuracy  of  the  data,  the  standard  deviations 
were  in  the  order  of  one  centimetre  (see  Table  I) 
which  was  a  very  acceptable  result. 


Platform 

aX,aY,aZ  (m) 

A 

0.008,  0.002,  0.013 

B 

0.007,  0.002,  0.011 

c 

0.007,  0.002,  0.011 

D 

0.006,  0.002,  0.011 

E 

0.007,  0.002,  0.013 

F 

0.008,  0.002,  0.012 

Table  I  Standard  Deviations  from  1993  GPS  Survey 


The  results  were  archived  with  the  intention  of 
repeating  the  campaign  aimually  and  waiting  to  see 
whether  any  significant  movement  could  be  identified. 
Consultation  with  academics  who  had  experience  in 
other  precise  monitoring  schemes,  however,  gave  the 
indication  that  these  discrete  measuring  campaigns 
would  not  be  sufficient  if  future  movements  were  to  be 
reliably  detected. 

It  was,  therefore,  realised  that,  if  the  philosophy  of 
discrete  measuring  campaigns  was  followed,  it  could 
be  a  number  of  years  before  any  apparent  platform 
movement  could  be  reliably  identified. 

REQUIREMENT  FOR  CONTINUOUS 
MONITORING 

The  advantage  of  providing  continuous  data  for  height 
monitoring  is  that  a  time  series  can  be  created  to  allow 
outlier  detection  and  determination  of  trends. 

In  the  environment  of  operational  offshore  platforms 
where  structures  are  subject  to  drilling/production 
vibrations,  weather/seastate  effects  and  frequent  load 
redistribution  there  are  likely  to  be  many  data  spikes 
which  could  be  easily  identified  on  a  time  series  plot. 

The  recommendation  was  thus  to  find  a  way  of 
removing  the  effects  of  these  systematic  motions  by 
detecting  them  and  then  modelling  their  effect.  In 
order  to  do  this,  a  means  of  recording  data  at  a  high 
frequency  interval  was  required. 

The  method  of  using  Satellite  Altimetry  in  conjunction 
with  a  Transponder  provides  a  logistically  simple 
means  of  collecting  height  information.  It  had  never 
previously  been  tested  in  an  offshore  platform 
enviromnent. 

In  early  1994,  an  opportunity  arose  to  carry  out  a  trial 
using  Transponder  measurements  on  an  offshore 
platform.  The  experiment  was  to  serve  the  dual 
purpose  of  verifying  the  1993  GPS  benchmark 
measurements  and  exploring  a  means  of  providing  an 
alternative  method  for  monitoring  and  predicting 
platform  height  changes. 
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USE  OF  ERS-1  WITH  TRANSPONDERS 

The  method  of  Satellite  Altimetry  utilises  a  satellite 
based  radar  altimeter  (frequency  13. 6-1 4.0GHz)  to 
determine  a  range  between  the  known  position  of  the 
satellite  and  a  suitable  reflective  surface.  The  distance 
of  travel  is  computed  from  the  time  and  velocity  of  the 
signal  and  halved  to  give  the  range  from  the  satellite 
to  the  reflecting  surface.  ERS-1,  a  multi-purpose 
remote  sensing  satellite,  was  launched  in  1991;  its 
main  input  to  the  geodetic  community  was  to  provide 
altimetry  over  oceans  and  ice  surfaces. 

As  an  extension  to  the  method  of  ocean  heighting,  it 
was  found  that  a  Transponder  placed  close  to  the 
satellite  ground  track  (within  7km)  {ref.  5)  could 
provide  a  suitable  reflecting  surface  to  allow  reception 
and  ampliflcation  of  the  signal,  which  could  then  be 
transmitted  back  to  the  satellite.  The  first  experiment 
using  such  equipment  was  carried  out  after  the  launch 
of  ERS-1  in  August  1991  {ref  2).  It  showed  that 
relative  height  could  be  measured  over  a  baseline  of 
127km  with  a  precision  of  3cm. 

The  satellite  radar  signal  is  received  by  the 
Transponder,  amplified  and  re-transmitted  to  the 
satellite.  Vertical  ranges  can,  thus,  be  computed  but 
limiting  factors  are : 

•  atmospheric  delay  to  radar  signal, 

•  satellite  orbit  uncertainty, 

•  knowledge  of  horizontal  position  of  Transponder 
required  {fig.  4) 

By  using  a  relative  measurement  technique  {see  fig.  2), 
height  differences  can  be  computed  with  centimetric 
accuracy.  Meteorological  measurements  can  be  used 
to  improve  the  accuracy  of  the  result  and  orbit  errors 
can  be  reduced  by  utilising  laser  range  observations  to 
ERS-1.  The  approximate  horizontal  position  can  be 
determined  by  GPS. 


Fig.  2  Relative  Height  Measurement  Using  a 
Reference  Station  with  Known  Height 


In  addition  to  exploring  the  feasibility  of  the 
Transponder  method,  a  secondaiy  aim  of  the  offshore 
trial  was  to  determine  the  requirements  for 
supplementary  measurements.  This  could  be  done  by 
assessing  the  extent  to  which  accuracy  would  be 
compromised  if  meteorological  measuring  equipment 
was  to  be  minimised. 

The  main  participants  of  the  1991  experiment  were  the 
Rutherford  Appleton  Laboratory  (RAL),  a  U.K. 
Research  Laboratoiy,  in  conjunction  with  the 
University  of  Newcastle  upon  Tyne,  U.K.  and  the 
University  of  Graz  in  Austria.  All  provided  assistance 
with  the  Shell  offshore  Transponder  trial  in  1994. 

BENEFITS  OF  THE  TRANSPONDER  METHOD 

The  operation  of  the  Transponder  itself  is  very  simple. 
It  transmits  for  a  period  of  only  four  seconds  during 
each  satellite  overpass  and  data  is  then  recorded  on 
board  the  satellite  and  downloaded  by  the  European 
Space  Agency  (ESA).  Minimum  operator  intervention 
is,  therefore,  required  once  a  Transponder  has  been 
deployed. 

The  method  provided  an  attractive  alternative  to  GPS 
and  the  following  conditions  were  favourable  for 
designing  a  height  monitoring  scheme  : 

•  from  early  1995,  ERS-1  would  change  from  an 
experimental  phase  to  a  fixed  orbit  with  a  35  day 
repeat  period  (which  would  allow  height  recording 
every  35  days), 

•  ERS-2  would  be  launched  to  replace  ERS-1 
(overlapping  in  operation), 

•  ERS-2  would  pass  over  several  North  Sea  oil  fields, 

•  ERS-2  would  also  cross  land  at  a  suitable  site, 
allowing  simplified  logistics  for  reference  station 
deployment. 

THE  OFFSHORE  TRANSPONDER  TRIAL 

The  Shell  offshore  platform  chosen  as  the  ideal  site  for 
the  experiment  was  Platform  A  from  the  1993  GPS 
network.  It  was  situated  about  3.5km  from  the 
satellite  ground  track  (in  order  to  receive  the  satellite 
signal,  it  is  necessary  for  the  Transponder  to  be  within 
7km  of  the  satellite  ground  track). 

Approval  had  been  given  the  previous  year  to  operate 
GPS  receivers  on  the  platforms  but  the  physical 
differences  with  the  equipment  to  be  installed  offshore 
for  the  Transponder  trial  were  : 

•  the  prototype  Transponder  to  be  used  was 
considerably  larger  than  a  GPS  receiver  (1.5  x  0.8 
X  0.6m), 

•  the  Transponder  emits  microwave  radiation  during 
retransmission  of  the  amplified  satellite  signal. 


Distance  - 1580  km 
Rq  ■>  780  km 

•AH 


>840  m 
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-2880  m 


Offshore  Platform 
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Although  the  operating  time  for  the  Transponder  is 
only  about  four  seconds  (time  when  satellite  is  directly 
overhead),  it  was  still  necessary  to  verify  that  the 
equipment  did  not  present  a  safety  hazard.  This  was 
done  in  co-operation  with  platform  personnel  and  the 
Transponder  manufacturer,  Ulmo  Systems  Ltd  (U.K.). 

A  second  Transponder  (a  new,  smaller  model 
manufactured  for  the  University  of  Graz)  was  deployed 
at  a  land  site  at  Schindlet  near  Zurich  in  Switzerland. 
This  gave  a  baseline  of  about  1580km  (fig.  3).  By 
determining  a  height  for  this  using  GPS,  an  absolute 
height  for  the  offshore  site  could  be  determined  from 
the  Transponder  measurements  (see  fig.  2). 


Fig.  3  Transponder  Sites 

The  Swiss  site  was  chosen  for  logistical  reasons,  being 
the  closest  site  on  the  ERS-1  ground  track  which  was 
convenient  for  transport  of  equipment  and  personnel 
from  Graz.  Additionally,  the  location  facilitated 
support  from  the  University  in  Zurich  to  be  provided 
(specifically  with  meteorological  observations). 

FIELDWORK 

The  prime  opportunity  to  cany  out  the  Transponder 
measurements  was  on  10th  July,  1994,  After 


overcoming  several  logistic  problems,  both 

Transponders  were  successfiilly  deployed  and  tested  in 

time  for  the  ERS-1  overpass. 

The  following  supplementary  measurements  were 

required : 

•  dual  frequency  GPS  data, 

•  meteorological  data, 

•  Satellite  Laser  Ranging  (SLR)  data. 

DUAL  FREQUENCY  GPS  DATA 

These  were  obtained  for  the  following  reasons  : 

•  to  determine  an  accurate  height  for  the  land  site  at 
Schindlet,  in  order  that  it  could  be  used  as  a 
reference  site  (see  fig.  2), 

•  to  compute  approximate  horizontal  positions  for 
both  sites  so  that  a  vertical  range  from  the  satellite 
could  be  obtained  (see  fig.  4), 

•  to  compute  corrections  for  the  ionospheric  delay, 

•  to  tie  the  results  into  ITRF  so  that  a  comparison  for 
both  the  ERS-1  derived  height  and  the  1993  GPS 
benchmark  results  could  be  made. 


Fig.  4  Horizontal  Range  Computation 

The  GPS  receivers  used  at  the  Transponder  sites  were 
Trimble  4000SST  (offshore)  and  SSE  (land).  The 
plan  was  to  collect  data  on  the  day  of  the  ERS-1 
overpass  and  for  one  day  either  side.  Due  to  the 
problems  with  fog  causing  offshore  helicopter  delays, 
however,  the  equipment  did  not  arrive  on  the  platform 
when  expected  which  meant  that  the  observations  only 
began  on  the  day  of  the  overpass.  Only  about  40  hours 
of  GPS  data  was  recorded,  which  degraded  the  quality 
of  the  result  but  was  not  a  limiting  factor  (as  the 
results  from  the  1993  GPS  survey  could  be  used  for  an 
accurate  comparison). 

METEOROLOGICAL  DATA 

This  was  used  to  determine  tropospheric  corrections. 
In  addition  to  basic  meteorological  measurements 
(temperature,  humidity  and  pressure),  data  from  the 
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ERS-1  Water  Vapour  Radiometer  (WVR),  which  can 
only  be  used  over  oceans,  was  used  at  the  offshore  site. 
At  the  land  site,  students  from  the  University  in  Zurich 
operated  meteorological  equipment,  including  a  WVR 
and  radio  sondes. 

SATELLITE  LASER  RANGING  (SLR)  DATA 

ERS-1  is,  theoretically,  in  a  known  orbit  but,  in  order 
to  gain  centimetric  accuracy,  a  precise  orbit  arc 
between  Transponder  sites  must  be  measured  by  SLR 
at  the  time  when  observations  are  taking  place. 
Fortunately,  this  is  routinely  done  and  the  required 
orbits  could  be  purchased  from  the  Royal  Greenwich 
Observatory  (RGO)  in  Herstmonceux,  U.K. 

ERS-1  DATA  PROCESSING 

Prior  to  the  computation  of  final  height  differences 
(carried  out  at  the  University  of  Newcastle  upon  Tyne), 
the  uncorrected  ranges  from  ERS-1  to  each 
Transponder  were  computed  from  the  raw  data  at 
RAL.  The  data  itself  was  received  from  ESA. 

Offshore  Site 


Land  Site 


description  of  the  computation  can  be  found  in  {ref.  1) 
and  it  will  suffice  to  say  that  a  quadratic  fimction  is 
fitted  to  smooth  the  waveforms.  The  minimum  points 
on  the  hyperbolae  represent  the  exact  points  where  the 
range  is  required  (fig.  6). 

Offshore  Site 


Land  Site 


Origloal  data 

Paivja  -  (eiftc> 


Echo  Po«M»r 


Fig.  5  ERS-l  Radar  Altimeter  Returns  from 
Transponders 


Fig.  6  Ranges  Plotted  as  Hyperbolae 

It  can  be  seen  (figs.  5,6)  that  a  sea  surface  reflection 
can  be  identified  at  the  offshore  site.  This  can  be 
filtered  out.  The  uncorrected  ranges  can  be  found  in 
Table  2. 


Offshore  Site 

Land  Site 

Predicted  UTC  of 

21:21:16.70 

21:17:20.60 

minimum  range 

Measured  UTC  of 

21:21:16.670 

21:17:20.578 

minimum  range 

Uncorrected  range 

781430.935m 

777695.052m 

GPS  DATA  PROCESSING 

Echoes  from  both  Transponders  were  clearly  identified 
and  plotted  as  hyperbolae  (fig.  5).  A  detailed 
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Table  2  Uncorrected  Ranges  from  Transponders  to 
ERS-1  Satellite  (and  UTC  Times). 


The  GPS  processing  was  carried  out  in  the  Surveying 
Department  at  the  University  of  Newcastle  upon  Tyne 
using  the  following  data  : 

•  a  total  of  32.5  hours  common  to  the  land  and 
offshore  sites, 

•  ten  permanent  GPS  reference  stations  (Jable  i)  to 
determine  co-ordinates  in  ITRF  {ref.  3). 

The  three  dimensional  GPS  vector  between  the  land 
and  offshore  sites  was  computed  with  a  standard 
deviation  of  1cm. 


Tromso 

Norway* 

Onsala 

Sweden* 

Metsahovi 

Finland 

Kootwijk 

The  Netherlands* 

Herstmonceux 

U.K.* 

Wettzell 

Germany* 

Graz 

Austria 

Zimmerwald 

Switzerland 

Matera 

Italy 

Madrid 

Spain 

Table  3  GPS  Reference  Stations  for  1 994  GPS 
Network  (*  also  used  in  1993  network) 

lONOSPHEWC  CORRECTIONS 

Table  4  shows  the  ionospheric  corrections  which  were 
computed  using  the  GPS  data. 


Site  Data 

Ref.  Data 

Difference 

Offshore  Site 

-0.022m 

-0.014m 

0.008m 

Land  Site 

-0.021m 

-0.022m 

-0.001m 

Table  4  Ionospheric  Corrections  Computed  from 
GPS  Data  Collected  on  Site  and  also  at 
Permanent  Reference  Stations. 


It  can  be  seen  that  the  ionospheric  corrections  are  in 
the  order  of  2cms.  Table  4  also  shows  that  it  would  be 
possible  to  compute  these  corrections  without 
significantly  limiting  the  accuracy  by  using  GPS  data 
from  the  permanent  reference  stations.  This  would 
avoid  the  requirement  to  deploy  a  GPS  receiver  at  the 
unknown  site  (once  its  horizontal  position  is  known). 

TROPOSPHERIC  CORRECTIONS 

The  dry  path  delay  was  computed  from  surface 
meteorological  data  and  compared  with  a  standard 
model  with  a  difference  of  2cms.  It  is  known  that  this 
is  a  fairly  reliable  method  for  computing  dry  path 


delay.  It  can  be  seen  from  Table  5,  however,  that  the 
wet  path  delay  varies  with  different  data  sources. 


Offshore  Site 

Land  Site 

Difference 

Surface  Data 

-0.131m 

-0.116m 

-0.015m 

Radio  Sonde 

-0.105m* 

-0.102m 

-0.003m 

WVR 

-0.092m 

-0.030m 

Model 

-0.095m 

-0.040m 

-0.055m 

Table  5  Wet  Path  Delay  Corrections  to  Ranges 


*  The  offshore  radio  sonde  data  wav  from  Lerwick 
Observatory  (in  the  Shetland  Islands  off  the  North 
East  coast  of  Scotland,  about  190km  from  the  offshore 
site). 

If  it  is  assumed  that  the  WVR  data  is  most  likely  to  be 
correct,  then  it  can  be  seen  that  the  model  does  not  fit 
well  in  an  offshore  environment.  The  surface  data 
introduces  an  error  of  1.5cm  which  is  not  really 
significant,  especially  as  it  would  be  practically 
beneficial  to  avoid  the  expense  of  using  WVR  data  for 
full  time  observations. 

ORBIT  ARC  COMPUTATION 

Two  orbits  for  ERS-1  were  computed  from  SLR  data  at 
the  Royal  Greenwich  Observatory  (RGO).  One  was  a 
global  orbit,  computed  from  laser  data  recorded  at  30 
global  sites  over  a  period  of  five  days  {ref.  4). 

A  more  precise  orbit  was  computed  by  the  short  arc 
method  using  data  from  six  European  sites  which 
recorded  data  for  five  minutes  during  the  Transponder 
trial.  This  allowed  corrections  to  the  global  arc  to  be 
computed  which  resulted  in  a  standard  deviation  for 
the  ERS-1  orbit  between  the  land  and  offshore  sites  in 
the  order  of  3cm. 

This  result  could  have  been  bettered  if  the  baseline 
between  the  two  sites  had  been  shorter  (this  would 
preferably  be  the  case  if  the  Transponder  method  was 
to  be  used  for  long  term  operation). 

FINAL  RESULTS 

After  applying  the  atmospheric  and  orbit  corrections,  a 
final  height  for  the  offshore  site  was  computed. 
Several  results  were  computed  using  the  two  orbit 
models  and  the  different  wet  path  delay  corrections. 
The  mean  of  these  (ignoring  obviously  poor 
approximations)  was  used  to  make  a  comparison  with 
the  GPS  result. 

In  order  that  the  comparison  of  methods  could  be 
made,  it  was  necessary  to  measure  fhe  height 
differences  between  Transponder  and  GPS  receiver 
locations  using  calibrated  theodolite  and  EDM 
measurements  {Table  6). 
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Reference  Point 

Offshore  Site 

Land  Site 

GPS  Marker 

98.892m 

939.987m 

AH 

0.679m 

0.622m 

Transponder 

99.571m 

940.609m 

Table  6  Height  differences  between  Transponder 
Location  and  GPS  marker. 


The  resulting  heights  computed  for  the  offshore 
platform  are  given  in  Table  7. 


GPS 

Transponder 

Difference 

99.571m 

99.564m 

0.007m 

Table  7  Difference  between  Transponder  and  GPS 
derived  heights  for  offshore  platform. 


The  heights  can  also  be  compared  with  those  derived 
from  the  1993  GPS  survey  {see  Table  8). 


GPS 

Transponder 

Difference 

99.604m 

99.564m 

0.040m 

Table  8.  Difference  between  1994  Transponder 
height  and  1993  GPS  height  for  offshore 
platform. 


The  difference  is  not  thought  to  be  significant, 
considering  the  small  volume  of  data  which  has  been 
analysed  (i.e.  other  effects  at  the  offshore  site  could 
have  caused  a  difference  of  this  magnitude). 

CONCLUSIONS 

•  The  Transponder  method  gave  results  which 
agreed  reasonably  with  GPS  results, 

•  Deployment  on  an  offshore  production  platform 
did  not  impair  the  performance  of  the 
Transponder, 

•  Processing  of  orbit  and  atmospheric  data  implied 
that  data  collected  could  be  reduced  to  a  minimum, 
although  the  wet  path  delay  could  limit  the 
accuracy  to  a  couple  of  centimetres, 

•  It  should  be  possible  to  guarantee  a  relative  height 
accuracy  of  at  least  5cm  (using  minimum 
meteorological  data),  which  should  enable 
modelling  of  any  platform  height  change  if  a 
Transponder  was  deployed  permanently, 

•  This  was  an  experimental  situation  and 
consideration  of  future  logistics  should  be  taken 
into  account  before  further  long  term  operational 
work. 


•  Verification  that  ESA  show  future  conmiitment  to 
programming  the  satellite  would  be  necessary  (it  is 
believed  that  they  have  expressed  a  great  interest  in 
supporting  offshore  applications). 

It  can  be  concluded  that  the  comparison  between  GPS 
derived  heights  (1993  and  1994)  verifies  the  Satellite 
Altimetry  method  and  that  either  method  (or  a 
combination  of  both)  has  potential  for  use  in  a  fiiture 
height  monitoring  scheme  for  offshore  production 
platforms. 
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ABSTRACT 

Over  the  past  few  years,  increased  attention  has  been 
given  to  the  use  of  precise  GPS  satellite  ephemerides, 
satellite  clock  corrections  and  ionospheric  models  as  an 
economical  and  efficient  alternative  to  conventional 
DGPS.  Precise  satellite  ephemerides  and  clock 
corrections  are  used  to  overcome  the  effects  of  broadcast 
ephemerides  and  clock  errors  including  Selective 


Availability.  Precise  ionospheric  models,  on  the  other 
hand,  are  essential  to  single-frequency  users  for  better 
estimation  of  ionospheric  delays  than  just  using  the 
standard  broadcast  ionospheric  model. 

Investigated  in  this  paper  is  the  achievable  positioning 
accuracy  using  precise  satellite  ephemerides,  satellite 
clock  corrections  and  ionospheric  grid  model  available 
from  the  Canadian  Active  Control  System.  A  few  tests 
were  conducted  using  datasets  collected  at  Algonquin 
Park,  Ontario,  and  Calgary,  Alberta.  Jupiter™,  a  GPS 
post-processing  software  package  developed  by 
Pulsearch,  was  used  for  all  data  processing  and 
management.  Unsmoothed  instantaneous  least  squares 
position  fixes  were  computed,  and  the  results  were 
compared  to  the  known  coordinates  of  the  stations 
occupied.  Results  have  indicated  that  a  one-to-three 
metre  positioning  accuracy  is  achievable  using  precise 
satellite  ephemerides  and  clock  corrections.  The  use  of 
the  precise  ionospheric  grid  model,  currently  under 
development  at  the  Geodetic  Survey  Division  of 
Geomatics  Canada,  slightly  improved  the  horizontal 
positioning,  yet  biases  still  remained  in  the  height. 

INTRODUCTION 

Autonomous  GPS  positioning  accuracy  is  significantly 
degraded  by  GPS  satellite  ephemerides  and  clock  errors, 
particularly  errors  due  to  Selective  Availability  (SA).  For 
single  frequency  users,  the  accuracy  is  further  degraded 
by  ionospheric  delays  which  are  only  partly  accounted  for 
by  using  the  broadcast  ionospheric  model.  Therefore,  in 
order  to  achieve  one-to-three-meter  level  positioning 
accuracy,  differential  GPS  (DGPS)  has  to  be  employed. 

In  DGPS,  two  receivers  are  used  with  one  serving  as  a 
base  (reference)  station,  with  precise  known  coordinates, 
and  the  other  as  the  remote  for  which  positioning  is 
required.  Due  to  the  use  of  a  base  station,  the  method  is 
effective  only  for  short  baselines;  over  long  baselines, 
spatial  decorrelation  of  error  sources  degrades  the 
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resulting  positioning  accuracy.  In  addition,  the 
positioning  solution  is  relative  to  the  known  base 
position.  Also,  for  real-time  applications,  a  continuous 
data  link  is  required  between  the  base  and  remote 
stations. 

Lately,  increased  attention  has  been  given  to  the  use  of 
precise  satellite  ephemerides,  clock  corrections  and 
ionospheric  models.  The  use  of  such  precise  data 
provides  an  economical  and  efficient  alternative  to 
conventional  DGPS.  Users  can  perform  precise  absolute 
point  positioning  without  the  need  for  a  base  station 
which  allows  the  users  to  precisely  and  directly  tie  into 
modern  spatial  reference  frames,  for  example  WGS84, 
NAD83  or  ITRF  [Kouba  and  Popelar,  1994]. 

Precise  satellite  ephemerides  and  clock  corrections  are 
becoming  available  from  various  organizations  on  a 
regular  basis.  To  our  knowledge,  the  Geodetic  Survey 
Division  (GSD)  of  Natural  Resources  Canada  (NRCan)  is 
the  only  organization  that  produces  precise  satellite  clock 
corrections  at  high  rate  (i.e.  30  seconds)  on  a  regular 
basis.  Accordingly,  considerable  research  has  been 
conducted  to  date  to  determine  the  achievable  positioning 
accuracy  using  this  data  [Heroux  et  al.,  1993,  Lachapelle 
et  al.,  1993  and  Gao,  1994].  In  this  paper  results  of 
various  tests  are  presented  to  demonstrate  the  achievable 
positioning  accuracy  using  precise  data  and  to  compare 
the  results  to  DGPS  positioning  results. 

Precise  ionospheric  models  are  of  a  particular  interest  to 
single-frequency  GPS  users,  especially  for  GPS  surveys 
conducted  at  high  latitudes  where  the  GPS  broadcast 
ionospheric  model  is  significantly  degraded.  These 
models,  however,  are  only  available  from  a  few 
organizations  at  a  non-regular  basis.  Therefore,  there 
has  not  been  much  research  on  their  use.  A  few  tests 
have  been  conducted  by  Pulsearch  to  assess  the  quality  of 
one  of  these  models  as  compared  to  the  broadcast 
ionospheric  model. 

PRECISE  SATELLITE  DATA 

The  precise  GPS  satellite  ephemerides  and  clock 
corrections  used  in  the  tests  presented  herein  were 
obtained  from  the  Canadian  Active  Control  System 
(CACS)  developed  at  GSD  of  NRCan  [Kouba  et  al., 
1993].  The  data  is  available  to  subscribers  on  a  regular 
basis  via  the  Canadian  Geodetic  Bulletin  Board  Service 
(CGBBS).  The  data  is  available  in  24-hour  files  with  the 
ephemerides  in  the  internationally  recognized  NGS-SP3 
format  [Remondi,  1989],  and  the  clock  corrections  in  a 
proprietary  format.  Standardization  of  clock  data  format 
will  soon  become  necessary.  Details  about  precise 


satellite  data  generation  are  given  below  and  further 
details  can  be  found  in  Kouba  et  al.  [1993]. 

Precise  Satellite  Ephemerides 

Since  August  1992,  the  GSD  has  been  generating  precise 
GPS  satellite  ephemerides  from  the  CACS  stations 
augmented  with  data  from  other  globally  distributed  core 
stations  of  the  International  GPS  Service  for 
Geodynamics  (IGS).  Precise  ephemerides  are  computed 
in  the  International  Terrestrial  Reference  Frame  (ITRF), 
which  is  compatible  with  WGS84  and  agrees  with 
NAD83  within  a  fraction  part  per  million.  Typically, 
within  3  days  following  the  observations,  CACS's  precise 
ephemerides  are  generated,  archived  and  made  available 
to  users.  Precise  ephemerides  are  available  in  NGS-SP3 
format  containing  Cartesian  coordinates  (x,  y  and  z)  for 
all  GPS  satellites  at  15-minute  intervals. 

According  to  results  reported  from  GSD,  e.g.,  Kouba  et 
al.  [1994],  CACS  precise  ephemerides  errors  have  typical 
Root  Mean  Square  (RMS)  value  of  20  cm.  The  RMS  of 
the  broadcast  GPS  ephemerides  errors,  however, 
normally  range  from  a  few  meters  to  tens  of  meters. 

Precise  Satellite  Clock  Corrections 

In  addition  to  precise  satellite  ephemerides,  precise 
satellite  clock  corrections  are  also  computed  daily  at  GSD 
based  on  the  precise  ephemerides  and  observational  data 
from  CACS.  These  precise  satellite  clock  corrections 
account  for  satellite  clock  errors  including  the  dithering 
introduced  by  S  A.  The  corrections  are  available  for  GPS 
satellites  visible  in  Canada  at  30  second  intervals. 
Corrections  for  global  GPS  satellites  are  also  available. 
Reports  from  GSD  have  shown  that  the  precise  satellite 
clock  correction  errors  have  a  typical  RMS  of  1  to  2  ns  or 
30  to  60  cm  [Heroux  et  al.,  1995]. 

PRECISE  IONOSPHERIC  DELAY  MODEL 

The  precise  ionospheric  grid  model  used  in  the  tests 
presented  herein  were  also  obtained  from  the  GSD  of 
NRCan.  At  the  GSD,  a  single-layer  grid  model  has  been 
adopted  within  a  geomagnetic  coordinate  system  to 
simplify  the  representation  of  the  ionospheric  effect  and 
to  facilitate  the  precise  ionospheric  modeling.  The  use  of 
a  precise  ionospheric  model  allows  single-frequency  GPS 
users  to  achieve  positioning  accuracy  compatible  with 
that  obtained  by  dual  frequency  users. 

A  crucial  part  in  precise  ionospheric  modeling  is  the 
precise  determination  of  the  instrumental  biases  in  the 
GPS  satellites  and  tracking  receivers.  Research 
conducted  at  GSD  has  demonstrated  0.5  to  1  ns  accuracy 
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of  the  bias  estimates.  Under  Anti-Spoofing  (AS), 
however,  some  degradation  is  experienced  due  to  higher 
measurement  noise  [Gao  et  al,  1994].  Test  results  have 
indicated  that  an  average  of  about  30  cm  accuracy  of 
ionospheric  delay  correction  has  been  achieved  when 
satellite  elevation  angle  is  higher  than  20  degrees 
[Heroux,  1994].  The  precise  ionospheric  grid  model  is 
currently  under  development,  thus  unavailable  for  the 
CGBBS  subscribers.  The  model  is,  however,  expected  to 
be  available  in  the  near  fiiture  as  part  of  CACS  products. 

GPS  SINGLE-POINT  POSITIONING  USING 
PRECISE  GPS  DATA 

GPS  pseudorange  measurements  contain  a  few  biases  and 
errors  which  would  significantly  distort  the  computed 
position  if  left  unaccounted  for.  In  the  following 
sections,  the  GPS  pseudorange  measurement  model 
containing  the  various  measurement  errors  and  biases  is 
presented.  The  different  error  mitigation  procedures  are 
then  discussed  with  the  focus  on  using  precise 
ephemerides,  clock  corrections  and  ionospheric  models. 

Pseudorange  Measurement  Model 

The  measured  GPS  pseudorange  (or  carrier-smoothed 
pseudorange)  between  a  tracking  receiver  and  a  GPS 
satellite]  can  be  modeled  by: 

p^  =  +  e^  Ar^  +  c  (df  -  dT)  +  dion^  +  dtrop^  +  dmulf+  .. 

. (1) 

p^  is  the  measured  pseudorange  between  the 
tracking  receiver  and  satellite  j, 
is  the  true  geometric  range  between  the  tracking 
receiver  and  satellite], 

Ar^  is  the  orbital  error  vector  of  satellite  ], 

is  the  unit  vector  ]oining  the  tracking  receiver 
and  satellite], 

dT  is  the  tracking  receiver  clock  offset, 

df  is  the  clock  offset  of  satellite  ]  including  SA 

effects, 

diorf  is  the  ionospheric  delay  between  the  tracking 
receiver  and  satellite], 

dtrop’  is  the  ionospheric  delay  between  the  tracking 
receiver  and  satellite], 

dmulf  is  the  multipath  error  at  the  tracking  receiver, 
is  the  pseudorange  measurement  noise,  and 
c  is  the  speed  of  light. 

GPS  Satellite  Error  Mitigation 

When  using  precise  ephemerides,  the  satellite  position 
error  in  Equation  (1)  can  be  virtually  removed.  Also, 


when  using  precise  satellite  clock  corrections,  the 
satellite  clock  offset  (df )  can  be  removed.  In  this  case. 
Equation  (1)  reduces  to  Equation  (2)  as  follows: 

p*  =  p’  -  c.dT  +  diorf  +  dtrop’  +  dmulf  +  8^ . (2) 

Since  precise  satellite  ephemerides  are  available  in  NGS- 
SP3  format,  interpolation  is  required  to  derive  the  precise 
satellite  position  for  a  given  measurement  instant. 
Regular  high-order  polynomials  provide  cm-level 
interpolation  accuracy  [Remondi,  1989].  For  users  who 
prefer  using  the  standard  RINEX  navigation  message 
format,  conversion  procedures  will  be  required. 

The  same  applies  to  precise  satellite  clock  corrections 
which  are  available  at  30-second  intervals.  For  high 
measurement  data  rates  (e.g.  1  Hz),  such  clock 

corrections  need  to  be  interpolated.  Preliminary  tests 
indicate  no  appreciable  degradation  in  the  positioning 
accuracy  due  to  the  interpolation  process. 

Note  that  although  the  precise  satellite  clock  corrections 
account  for  both  satellite  clock  errors  and  SA  effects, 
other  time  corrections  are  still  needed  for  precise 
processing,  e.g.  relativistic  time  effects,  using  simple 
standard  formulas  documented  in  the  ICD-GPS-200. 

Ionospheric  Delay  Mitigation 

Dual  frequency  GPS  users  have  the  privilege  of  being 
able  to  remove  most  of  the  ionospheric  effect  in  the 
pseudorange  measurements  by  using  the  ionosphere-free 
linear  combination  of  pseudoranges  measured  on  the  two 
frequencies  [Hofmann-Wellenhof  et  al.,  1994].  Single 
frequency  users,  however,  can  account  for  the 
ionospheric  effects  using  the  standard  GPS  ionospheric 
model  parameters  transmitted  with  the  GPS  navigation 
message.  The  standard  ionospheric  model,  however,  is 
unlikely  to  be  more  than  75%  effective,  especially  during 
high  ionospheric  activity  periods  [Wells  et  al.,  1986]. 

The  alternative  for  single-frequency  users  is  to  use 
calibrated  ionospheric  models  in  order  to  achieve  the 
meter-level  positioning  accuracy.  An  example  of  such  a 
model  is  the  CACS  model  investigated  herein  which  is 
the  single-layer  grid  model  supplied  by  the  GSD.  The 
model  parameters  are  provided  in  the  form  of  a  grid 
currently  with  spacings  of  3  degrees  in  the  latitude  and  1 
degree  in  the  longitude. 

The  procedure  involved  in  using  the  CACS  ionospheric 
grid  model  include  the  following  steps: 
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a)  determine  the  geomagnetic  coordinates  of  the 
intersection  point  between  the  receiver-to-satellite  line  of 
sight  and  the  single  ionospheric  layer. 

b)  use  the  determined  geomagnetic  coordinates  to  derive 
the  vertical  grid  ionospheric  delay  values  from  the 
precise  ionospheric  grid  model.  Note  that  the  CACS 
ionospheric  grid  model  contains  an  RMS  value  for  each 
grid  delay  value  which  can  be  used  for  quality  assurance. 

c)  map  the  vertical  grid  delay  derived  from  the 
ionospheric  model  to  the  slant  path  delay  based  on  the 
zenith  angle  on  the  ionospheric  layer. 

After  applying  the  ionospheric  delay  corrections  derived 
from  the  ionospheric  grid  model,  Equation  (2)  is  reduced 
to  the  following: 

p*  =  p*  -  cdT  +  dtrop*  +  dmulf  +  s' . (3) 

Tropospheric  and  Multipath  Errors 

From  Equation  (3),  the  pseudorange  measurements  still 
contains  tropospheric  and  multipath  errors.  The 
tropospheric  delay  effect  can  be  estimated  precisely 
(90%)  using  the  standard  GPS  tropospheric  model 
[Hofmann-Wellenhof  et  al.,  1994],  i.e.  the  Hopfield 
model,  and  thus  can  be  removed  from  Equation  (3). 

Multipath  errors,  on  the  other  hand,  can  be  minimized 
through  careful  site  selection,  the  use  of  antenna  ground 
planes  and  choke  rings  as  well  as  carrier  phase 
smoothing  techniques.  GPS  receivers  from  some 
manufacturers  also  have  the  capability  to  further  mitigate 
multipath  effects  using  the  narrow  correlator  technology 
[Fenton  et  al.,  1991].  The  residual  multipath  effects  can 
then  be  neglected.  Accordingly,  the  troposphere  and 
multipath-free  pseudorange  can  be  modeled  as  follows: 

p*  =  p*  -  cdT  +  s’ . (4) 

Note  that  the  reduced  pseudorange  measurement  modeled 
by  Equation  (4)  includes,  in  addition  to  random  errors, 
the  receiver  clock  offset  which  can  be  estimated  along 
with  the  unknown  receiver  position  parameters.  Also 
note  that  the  random  error  (s’)  contains  not  only  the  raw 
measurement  noise  but  also  the  residual  satellite  position 
and  clock  errors,  residual  ionospheric  and  tropospheric 
delays  as  well  as  residual  multipath. 

Since  the  accuracy  of  the  precise  satellite  ephemerides, 
satellite  clock  corrections  and  ionospheric  models  are  all 
claimed  to  be  better  than  one  metre,  the  reduced 
pseudorange  measurements  can  thus  be  applied  for 
precise  metre-level  single  point  positioning. 


DATA  PROCESSING  AND  ANALYSIS 

This  section  aims  to  evaluate  the  achievable  GPS 
positioning  accuracy  using  precise  satellite  ephemerides, 
clock  corrections  and  ionospheric  model  through  data 
analysis  and  comparison. 

Dataset  Description 

Two  datasets  were  used  in  this  research.  The  first  dataset 
was  provided  by  the  GSD.  It  was  collected  on  June  20, 
1995  at  the  CACS  tracking  station  located  in  Algonquin 
Park,  Ontario,  at  30  second  intervals  using  a  TurboRogue 
receiver.  Anti-Spoofing  (AS)  was  turned  off  on  that  day 
and  thus  the  pseudoranges  were  collected  on  P-code. 

The  second  dataset  was  collected  by  Pulsearch  on  August 
21,  1995  at  an  Alberta  Survey  Control  Marker  in  Calgary 
at  1  second  intervals  using  NovAtel  RT-20  receiver. 
Data  was  also  collected  simultaneously  at  a  base  station 
using  a  NovAtel  2151R  receiver  for  DGPS  comparison 
purposes.  Baseline  length  is  approximately  8  km.  Note 
that  AS  was  turned  on  that  day. 

Jupiter™,  a  GPS  post-processing  software  package 
developed  by  Pulsearch,  was  used  for  all  data  processing 
and  management.  In  the  following  section,  details  on  the 
software  features  and  capabilities  are  presented. 

Jupiter™  Software 

Jupiter  is  a  Windows®-based  multi-purpose  GPS  post¬ 
processing  software  package.  Jupiter  uses  Kalman 
filtering  and  least  squares  estimation  techniques  to 
compute  position  and  velocity  parameters  in  either  static 
or  kinematic  modes  [Abousalem  et  al.,  1994].  The 
software  processes  pseudorange  and  carrier  phase  rate 
data  in  single-point  and  single-difference  (differential) 
modes.  Jupiter  also  processes  the  integrated  carrier 
phase  measurements  in  double  difference  processing 
mode.  The  software  is  capable  of  processing  a  variety  of 
receiver  data  formats  including  NovAtel,  Trimble,  Leica, 
Motorola  and  CMC  Allstar  receivers.  The  standard 
RINEX  format  is  also  supported.  It  is  also  capable  of 
processing  dual-frequency  data,  if  available,  for 
ionospheric  calculations  to  replace  the  standard  GPS 
broadcast  ionospheric  model. 

Jupiter  contains  many  data  processing  and  management 
features  like  reliability  analysis,  geodetic  computations, 
point  database,  file  utilities  and  others;  providing  the 
operator  with  a  full  stand-alone  data  processing 
environment.  Coordinates  from  the  point  database  can 
be  exported  into  one  of  the  various  pre-defined  formats 
including  Arc/Info™,  GENerate,  Geolab™,  DXF  (for 
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AutoCAD™),  NavTrax™  and  SEG-PL  Data  can  also  be 
exported  in  a  variety  of  user-defined  formats. 

To  perform  the  tests  described  in  this  paper,  Jupiter  was 
adapted  to  process  precise  satellite  ephemerides  in  NGS- 
SP3  format  and  precise  satellite  clock  corrections  in  the 
GSD  proprietary  format  within  its  single-point 
processing  mode.  This  has  become  a  processing  feature 
of  the  software  production  version  2.00.  Use  of  precise 
ionospheric  models  will  be  included  in  the  near  future 
once  they  become  available  on  a  regular  basis. 

Data  Processing 

Jupiter  was  used  to  compute  unsmoothed  instantaneous 
least  squares  static  position  fixes  for  both  datasets.  Since 
the  prime  objective  is  to  assess  the  positioning  accuracy 
using  precise  GPS  data,  Kalman  filtering  was  not  used. 
This  was  to  avoid  any  possible  filter  smoothing  effects. 
Jupiter  was  also  used  to  export  the  results  into  a 
customized  data  sheet. 
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The  results  were  differenced  with  the  true  station 
coordinates  known  within  a  few  centimetres.  The  errors 
in  the  three  position  components  are  presented.  HDOP 
and  VDOP  values  and  the  number  of  GPS  satellites  used 
in  the  solution  are  also  presented  for  analysis  purposes. 
A  10  degree  elevation  mask  was  used  during  processing. 

Results  and  Analysis 

Autonomous  Single-Point  Positioning 

Shown  in  Figures  1  and  2  are  the  single-point  positioning 
processing  results  using  the  broadcast  satellite 
ephemerides,  clock  parameters  and  ionospheric  model  for 
the  two  datasets. 


It  is  clear  from  the  two  figures  that  SA  was  in  effect 
during  the  data  collection  periods.  Typical  SA 
positioning  errors  of  more  than  100  metres  in  the 
horizontal  and  150  metres  in  the  vertical  are 
demonstrated.  It  is  also  noticeable  that  SA  effects  on  21 
August  were  more  severe. 
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Figure  1  Autonomous  Single-Point  Positioning  Errors 
Using  Broadcast  Ephemerides  and  Ionospheric  Model 
[Algonquin  Park,  20  June  1995] 
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Figure  2  Autonomous  Single-Point  Positioning  Errors 
Using  Broadcast  Ephemerides  and  Ionospheric  Model 
[Calgary,  21  August  1995] 


Single-Point  Positioning  Using  Precise  Satellite  Clock 
Corrections 

Since  the  major  GPS  error  source  is  the  satellite  clock 
dither  caused  by  SA,  positioning  accuracy  was  first 
investigated  using  only  precise  satellite  clock  corrections. 
Both  Algonquin  and  Calgary  data  were  processed  using 
broadcast  satellite  ephemerides  and  ionospheric  model 
with  precise  satellite  clock  corrections  obtained  from 
GSD.  The  results  are  shown  in  Figures  3  and  4. 

By  comparing  Figures  3  and  4  to  Figures  1  and  2, 
respectively,  the  improvement  in  the  positioning  accuracy 
in  the  two  datasets  is  significant.  The  acheieved  level  of 
accuracy,  however,  is  not  satisfactory  to  most  GPS  users. 
Therefore,  precise  ephemerides  are  necessary  to 
overcome  the  epsilon  component  of  SA  and  hence  to 
improve  the  positioning  accuracy. 
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Figure  3  Single-Point  Positioning  Errors  Using  Precise 
Satellite  Clock  Corrections  with  the  Broadcast 
Ephemerides  and  Ionospheric  Model 
[Algonquin  Park,  20  June  1995] 


Note  the  higher  positioning  precision  and  accuracy  in  the 
June  20  results.  This  is  because  of  the  less  noisy  and 
more  accurate  P-code  pseudorange  measurements  tracked 
on  that  day.  C/A  code  pseudoranges  were  tracked  on 
August  21  instead  because  AS  was  turned  on.  Also,  note 
the  correlation  between  the  number  of  satellites  used  in 
the  solution,  the  DOP  values  and  the  positioning 
accuracy. 
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Figure  4  Single-Point  Positioning  Errors  Using  Precise 
Satellite  Clock  Corrections  with  the  Broadcast 
Ephemerides  and  Ionospheric  Model 
[Calgary,  21  August  1995] 
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Single-Point  Positioning  Using  Precise  Satellite 
Ephemerides  and  Clock  Corrections 

Besides  precise  satellite  clock  corrections,  precise 
satellite  ephemerides  were  used  and  the  resulting 
positioning  accuracy  was  investigated.  Shown  in  Figures 
5  and  6  are  the  single-point  positioning  processing 
results  of  the  two  datasets  using  precise  satellite 
ephemerides  and  clock  corrections. 

By  comparing  Figures  5  and  6  to  Figures  1  and  2  and 
Figures  3  and  4,  respectively,  it  is  clear  that  the 
positioning  accuracy  is  further  improved  by  using  precise 
satellite  ephemerides  with  precise  clock  corrections.  In 
other  words,  to  achieve  one-to-three  metre  level  of 
positioning  accuracy,  GPS  users  need  to  overcome  both 
SA  components:  satellite  clock  dither  and  satellite 
ephemeris  degradation. 
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Figure  5  Single-Point  Positioning  Errors  Using  Precise 
Satellite  Ephemerides  and  Clock  Corrections  with  the 
Broadcast  Ionospheric  Model 
[Algonquin  Park,  20  June  1995] 


From  the  mean  and  Root  Mean  Square  (RMS)  values 
shown,  the  positioning  error  RMS  of  the  June  20  P-code 
dataset  is  0.8  m  in  the  horizontal  and  1.0  m  in  the 
vertical.  On  the  other  hand,  the  RMS  values  are  3.0  m 
and  5.3  m,  respectively,  for  the  August  21  C/A  code  data. 

In  addition,  biases  are  noticeable  in  both  the  horizontal 
and  vertical  components  in  Figure  6.  This  is  believed  to 
be  mainly  due  to  the  residual  ionospheric  delay  effect 
using  the  broadcast  ionospheric  model. 

Also,  note  that  the  degradation  in  the  positioning 
accuracy  towards  the  end  of  the  survey  period  in  Figures 
5  and  6  correlates  to  the  decrease  in  the  number  of  used 
satellites  and  the  consequential  increase  in  the  HDOP 
and  VDOP. 
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Figure  6  Single-Point  Positioning  Errors  Using  Precise 
Satellite  Ephemerides  and  Clock  Corrections  with  the 
Broadcast  Ionospheric  Model 
[Calgary,  21  August  1995] 
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Single^Point  Positioning  Using  Precise  Satellite  Data 
and  Ionospheric  Model 

The  first  datasets  was  reprocessed  using  the  precise 
ionospheric  model  available  from  GSD  together  with 
precise  satellite  ephemerides  and  clock  corrections.  The 
results  are  shown  in  Figure  7.  Results  indicate  that  the 
horizontal  positioning  accuracy  is  further  improved.  A 
bias,  however,  is  introduced  in  the  height  component. 

A  probable  cause  for  the  introduced  height  bias  would  be 
the  fact  that,  during  ionospheric  modeling,  the  receiver 
and  satellite  inter-frequency  biases  are  estimated  with 
reference  to  a  selected  receiver.  The  reference  receiver 
inter-frequency  bias  may  have  not  been  calibrated  and 
thus  the  bias  would  still  be  contained  in  the  ionospheric 
grid  model. 
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Figure  7  Single-Point  Positioning  Errors  Using  Precise 
Satellite  Ephemerides  and  Clock  Corrections  with  the 
GSD  Ionospheric  Grid  Model 
[Algonquin  Park,  20  June  1995] 


Since  the  GSD  ionospheric  grid  model  is  still  under 
development,  the  height  bias  will  be  overlooked  for  the 
time  being  from  the  accuracy  point  of  view. 
Accordingly,  only  the  precision  of  the  model  will  be 
assessed  by  computing  the  RMS  of  the  height  error  with 
respect  to  the  mean  value.  This  value  is  0.85m  which 
indicates  the  possible  improvement  in  the  height 
component  once  the  bias  issue  is  resolved. 

Due  to  the  current  non-availability  of  precise  ionospheric 
grid  model,  single-frequency  users  will  have  no 
alternative  to  using  the  broadcast  ionospheric  model 
while  dual  frequency  users  use  the  standard  dual¬ 
frequency  ionospheric  corrections  [Hofmann-Wellenhof 
et  al.,  1994],  For  completeness,  the  June  20  dataset  was 
processed  using  the  precise  satellite  data  and  the  standard 
dual-frequency  ionospheric  corrections.  The  resulting 
positioning  errors  are  shown  in  Figure  8. 
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Figure  8  Single-Point  Positioning  Errors  Using  Precise 
Satellite  Ephemerides  and  Clock  Corrections  with  the 
Dual  Frequency  Ionospheric  Corrections 
[Algonquin  Park,  20  June  1995] 
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Differential  Positioning 

To  further  demonstrate  the  achievable  positioning 
accuracy  using  precise  satellite  data,  the  results  are 
compared  to  DGPS.  The  August  21  data  was 
differentially  processed  using  the  data  collected 
simultaneously  over  an  8  km  baseline.  The  DGPS  results 
are  shown  in  Figure  9.  DGPS  results  yielded  RMS  of 
approximately  1.25  m  horizontally  and  2.9  m  vertically. 

The  resulting  larger  RMSs  are  due  to  the  few  large  spikes 
caused  by  the  low  number  of  valid  differential  corrections 
available  from  the  base  station.  In  Jupiter,  a  2D  position 
determination  with  height  fixed  is  carried  out  when  valid 
number  of  differential  measurements  is  not  enough  for  a 
3D  solution.  If  these  epochs  were  ignored,  sub-metre 
RMS  values  would  be  obtained. 
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Figure  9  Differential  Positioning  Errors  Using 
Broadcast  Ephemerides  and  Ionospheric  Model 
[Calgary,  21  August  1995] 

Comparing  the  DGPS  solution  in  Figure  9  to  the  results 
from  using  the  precise  satellite  data  shown  in  Figure  6, 
the  positioning  accuracy  seems  quite  comparable  if 


ionospheric  delay  effects  can  be  precisely  determined  by  a 
precise  ionospheric  model.  Single-point  processing  using 
precise  data,  however,  has  the  advantage  of  baseline 
length  independence. 

CONCLUSIONS 

Single-point  positioning  accuracy  using  precise  satellite 
ephemerides  and  clock  corrections  was  investigated  and 
analyzed.  The  use  of  the  ionospheric  grid  model, 
currently  under  development  at  GSD,  was  also 
investigated.  The  new  approach  is  an  economical  and 
effective  alternative  to  the  conventional  DGPS  approach. 
The  results  presented  in  this  paper  indicate  that  a 
positioning  accuracy  of  one  to  three  meters  can  be 
achieved  using  precise  satellite  ephemerides  and  clock 
corrections.  The  use  of  a  precise  ionospheric  model  has 
shown  only  a  slight  improvement  as  the  model  is  still 
under  development.  Better  results  are  expected  from 
such  a  model  in  the  future.  Positioning  accuracy 
obtained  from  using  precise  satellite  data  is  comparable 
to  that  obtained  from  conventional  DGPS. 
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ABSTRACT 

This  paper  presents  an  algorithm  for  calculating  the 
cyclic  displacements  of  geo-features  and  locations  due  to 
solid  earth  tides.  Wide-area  differential  GPS  (WADGPS) 
systems  designed  for  accuracies  of  better  than  2  m  need  to 
account  for  tidal  effects  on  the  solid  earth  which  can  result 
in  coordinate  displacements  of  as  much  as  45  cm  in  the 
vertical  direction.  Differential  position  changes  as  large  as 
30  cm  can  occur  between  stations  3000  km  apart. 

The  algorithm  presented  is  about  50  lines  long.  This 
short  length  is  obtained  by  solving  the  tidal  potential 
directly  rather  than  by  using  the  traditional  harmonic 
analysis.  (The  harmonic  analysis,  while  useful  for  tidal 
measurements,  is  not  needed  for  predictions).  Since  no 
harmonics  are  left  out,  the  accuracy  of  the  model  is  better 
than  2  cm.  The  model  predicts  both  radial  and  horizontal 
displacements  (radial  displacements  are  the  dominant 
effect).  The  algorithm  has  been  incorporated  into 
Exploitation  of  Differential  GPS  for  Guidance 
Enhancement  (EDGE),  a  militarized  WADGPS  system 
employed  during  a  recent  (June  1995)  demonstration  on 
DGPS  for  precision  munition  delivery  at  Eglin  Air  Force 
Base,  FL.  This  DGPS  network  is  giving  submeter 
accuracies  at  locations  that  are  more  than  1000  km  from 
the  nearest  reference  receiver. 


INTRODUCTION 

The  tidal  forces  that  cause  ocean  tides  also  cause  a 
distortion  of  the  solid  earth,  which  can  cause  vertical 
changes  of  30  cm  above  the  undisturbed  earth  and  15  cm 
below.  In  addition,  there  can  be  movements  of  a  few  cm 
in  the  north/south  and  east/west  directions. 

Short-range  differential  GPS  networks  need  not  worry 
about  solid  earth  tides  because  of  the  close  proximity  of 
the  reference  receiver  and  the  roving  receiver.  However, 
earth  tides  can  contaminate  WADGPS  measurements  by 
introducing  periodic  changes  in  range  measurements  to  the 
satellite  vehicles  (SVs),  principally  in  the  earth's  radial 
(altitude)  direction.  Since  the  range  corrections  for  EDGE 
are  accurate  to  within  10  to  20  cm,  it  is  important  to 
account  for  range  differentials  due  to  earth  tides.  EDGE  is 
a  real-time  system,  so  it  is  also  necessary  to  have  a 
compact,  fast-running  algorithm  that  calculates  earth  tide 
displacements  to  within  a  couple  of  centimeters. 

Although  it  provides  little  mathematical  formulation, 
the  book  by  Darwin  (1898)  is  a  very  readable  description 
of  earth  tides.  Munk  and  MacDonald  (1960)  is  also  quite 
readable,  but  only  small  portions  of  their  book  are  devoted 
to  earth  tides.  A  readable  description  that  includes  usable 
mathematical  formulations  is  Bartels  (1957).  Bartels' 
description  is  in  terms  of  harmonic  tides,  which  were  used 
(prior  to  digital  computers)  for  computational  convenience 
and  (after  digital  computers)  because  harmonics  are  closely 
related  to  experimental  measurements.  Longman's  (1959) 
method  computes  tides  directly  without  expanding  the 
tidal  forces  into  harmonics-a  convenient  method  for 
digital  computers.  The  standard  reference  book  is 
Melchior  (1983).  Although  not  as  readable,  it  is 
comprehensive  in  its  coverage,  especially  with  regard  to 
experimental  measurements,  and  contains  an  exhaustive 
list  of  references. 
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The  algorithm  described  in  this  paper  is  based 
primarily  on  Longman’s  method  of  predicting  the  vertical 
tide,  and  also  on  Pollack's  (1973)  corrections  and 
expansion  of  Longman's  method  for  the  horizontal 
components  of  the  earth  tide.  Units  have  been  changed  to 
the  meter-kilogram-second  (MKS)  system,  and  more 
recent  values  of  constants  have  been  used. 

The  results  produced  by  Longman’s  model  are  good  for 
a  simple  tide  prediction  model.  However,  Archinal 
(1992)-and  almost  identical  discussions  in  McCarthy 
(1989)  and  Melbourne  (1983)-outline  a  more  complicated 
model.  They  base  their  results  on  a  model  by  Wahr 
(1981)  that  involves  an  elastic  structural  model  of  the 
elliptical  earth  with  fluid  core  resonances.  Wahr’s 
conclusions  imply  that  his  model  is  only  needed  when 
accuracies  better  than  one  percent  are  required.  (The 
maximum  deviation  in  station  height  from  the  Longman 
model  is  only  about  1.4  cm.)  Details  on  adding  the  Wahr 
correction  appear  in  Archinal  (1992). 


EQUATIONS 

All  the  symbols  used  below  all  have  two  letters:  a 
capital  followed  by  a  lower  case.  This  symbology  has 
been  adopted  to  ease  the  transition  from  equations  to  a 
programming  language.  While  these  symbols  are  as  close 
to  conventional  notation  as  possible,  the  "conventional 
notation"  is  not  always  standard.  Where  a  Greek  letter  is 
used  in  the  conventional  notation,  we  have  used  the  first 
two  letters  of  the  English  word  for  the  Greek  letter.  The 
appendix  to  this  paper  contains  the  list  of  symbols,  their 
units,  and  their  meanings. 

All  equations  are  listed  in  the  sequence  in  which  they 
are  to  be  calculated.  When  they  are  converted  to  a 
programming  language,  the  typical  modifications  are: 
insertion  of  multiplication  and  exponentiation  symbols, 
conversion  of  degrees  to  radians  in  trignonometric 
functions,  and  assignment  of  symbols  to  certain  functions 
of  variables  that  occur  on  the  left  side  of  equations. 

We  have  changed  Longman's  convention  for  longitude. 
Longitude  should  be  entered  as  east  longitude  (e.g.,  Menlo 
Park,  CA  is  -122.17°).  It  should  be  noted  that  Longman 
takes  west  longitudes  as  being  positive.  This  is  opposite 
of  the  normal  convention.  Angles  are  mixed-some  in 
radians  and  some  in  decimal  degrees. 

The  first  28  equations  are  primarily  from  Longman 
(1959).  The  equations  for  mean  longitude  of  the  moon 
reckoned  its  orbit  from  the  referred  equinox  (Sm),  mean 
longitude  of  lunar  perigee  (Pm),  mean  longitude  of  the 


sun  (Ls),  and  longitude  of  the  moon's  ascending  node  in 
its  orbit  reckoned  from  the  referred  equinox  (Nm)  are 


Sm=  270.437422  +  481,267.892  Tc-h 


0.00252  Tc2  (1) 

Pm  =  334.328  +  4069.0322  Tc  - 

0.0103  Tc^  (2) 

Ls  =  279.6967  +  36000.7689  Tc  + 

0.0003  Tc2  (3) 

Nm  -  259.1825  -  1934.1424  Tc  + 

0.0021  Tc^  (4) 


For  convenience,  the  modulus  of  the  four  above 
equations  is  taken  with  respect  to  360°.  These  angles  are 
in  degrees,  so  from  a  programming  standpoint,  it  may  be 
easiest  to  convert  them  to  radians.  The  time,  Tc,  is  the 
fraction  of  a  Julian  century  since  noon  of  December  31, 
1899.  The  value  for  Tc  can  be  computed  from  the 
FORTRAN  algorithm  given  in  Press,  et.  al  (1992).  The 
same  authors  have  similar  books  for  the  BASIC,  C,  and 
Pascal  languages.  The  date  routines  in  Microsoft  Excel 
are  an  even  more  convenient  way  to  calculate  Tc  from  a 
given  time  and  date.  Terms  involving  Tc^  have  been 
ignored  because  their  values  are  a  small  fraction  of  an  arc 
second. 

The  inclination  of  the  moon's  orbit  to  the  equator  (le) 
is  given  by 

le  =  arccos[cos(In)  cos(Im)  - 

sin(In)  sin(Im)  cos(Nm)]  (5) 

where  In  =  23.43929°  and  Im  =  5.145396°  are  the 
inclinations  (to  the  ecliptic)  of  the  earth’s  equator  and  the 
moon's  orbit.  le  is  always  positive  and  less  than  28°,  so 
no  quadrant  problems  arise  from  using  an  arccos  function. 
Likewise,  the  longitude  in  the  celestial  equator  of  its- 
intersection  Am  with  the  moon's  orbit  (Nu)  is  in  the 
interval  (-15°,  +15°),  so  it  can  be  found  from 

Nu  =  arcsin[  sin(Im)  sin(Nm)  /  sin(Ie)  ]  (6) 
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Ra  =  Ha  +  Ls  -  Nu 


(14) 


Applying  the  cosine  formula  to  the  spherical  triangle 
OmAmVe  and  denoting  the  side  OmAm  by  A1  gives 

cos(Al)  =  cos(Nm)  cos(Nu)  + 

sin(Nm)  sin(Nu)  cos(In)  (7) 


sin(Al)  =  sin(In)  sin(Nm)  /  sin(Ie)  (8) 


For  programming  purposes,  functions  of  variables 
[e.g.,  Cos(Al)]  appearing  on  the  left  side  of  an  equation 
are  assigned  a  name  which  is  then  used  later  in  the  right 
side  of  succeeding  equations.  From  the  values  of  the  sin 
and  cos  of  Al,  we  can  compute 

tan(Al/2)  =  sin(Al)  /  [1  +  cos(Al)]  (9) 

Since  Al  is  in  the  interval  (0,  2  7i),  Al/2  lies  in  (0,  n) 
and  Al  is  uniquely  determined  by 

Al  =  2  arctan{sin(Al)  /  [1  +  cos(Al)] }  (10) 

For  programming  purposes,  Eq.  (9)  is  never  computed, 
as  Al  is  calculated  in  Eq  (10).  Xi— the  longitude  in  the 
moon’s  orbit  of  its  ascending  intersection  with  the 
celestial  equator— is  given  by 

Xi  =  Nm-Al  (11) 

Si-the  mean  longitude  of  the  moon  in  its  orbit 
reckoned  from  Am— is  given  by 


Si  =  Sm  -  Xi  (12) 


The  hour  angle  of  the  sun  (Ha)  is  given  in  degrees  by 

Ha=  15(To-  12)  +  Lo  (13) 

where  To  is  time  (UTC)  in  hours  and  Lo  is  east  longitude 
in  degrees.  Ra-the  right  ascension  of  meridian  of  place  of 
observation  reckoned  from  Am-is  given  by 


The  longitude  of  the  moon  in  its  orbit  reconed  from  its 
ascending  intersection  with  the  equator  (Lm)  is  given  by 

Lm  =  Si  +  2  Em  sin(Sm  -  Pm)  + 

0.8  Em^  sin[2  (Sm  -  Pm)]  + 

3.75  Rm  Em  sin(Sm  -  2  Ls  +  Pm)  + 

1 .375  Rm2  sin[2  (Sm  -  Ls)]  (15) 

Note  that  the  above  equation  requires  that  Si  (and  thus 
Lm)  be  in  radians.  The  zenith  angle  of  the  moon  (Th)  is 
given  by 


cos(Th)  =  sin(La)  sin(Ie)  sin(Lm)  + 

cos(La)  [cos^(0.5  le)  cos(Lm-  Ra)  + 
sin^(0.5  le)  cos(Lm  +  Ra)]  (16) 

To  avoid  quadrant  determination  problems,  Th  will  not 
be  evaluated;  only  cos(Th)  will  be  used.  The  mean 
longitude  of  solar  perigee  (Ps)  is  given  in  degrees  by 

Ps  =  281.2208  +  1.7192  Tc  +  0.00045  Tc^  (17) 

The  longitude  of  the  sun  in  the  ecliptic  reckoned  from 
its  ascending  intersection  with  the  equator  (Le),  and  the 
right  ascension  of  meridian  of  place  of  observation 
reckoned  from  the  vernal  equinox  (Rv)  are  given  by 

Le  =  Ls  +  2  Ee  sin(Ls  -  Ps)  (18) 

Rv  =  Ha  +  Ls  (19) 

where  Ee  is  the  eccentricity  of  the  earth's  orbit.  Le  and 
the  first  Ls  in  Eq.  (18)  are  in  radians.  The  zenith  angle  of 
the  sun  (Ph)  is  given  in  the  expression.  Again,  to  avoid 
quadrant  problems,  Ph  will  not  be  evaluated  explicitly. 

cos(Ph)  =  sin(La)  sin(In)  sin(Le)  + 

cos(La)  [cos^(0.5  In)  cos(Le  -  Rv)  + 
sin^(0.5  In)  cos(Le  +  Rv)]  (20) 
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(28) 


The  distance  between  the  centers  of  the  earth  and  moon 
(Dm)  is  evaluated  below.  Cm  =  3.844E8  m  is  the  mean 
distance  between  the  centers  of  the  earth  and  moon,  and 
Em  =  0.0549  is  the  eccentricity  of  the  moon’s  orbit. 

Ap  =  l/[Cm  (1  -  Em^)]  (21) 


Dm  =  1/(1/  Cm  +  Ap  Em  cos(Sm  -  Pm)  + 

Ap  Em^  cos[2(Sm  -  Pm)]  + 

1.875  Ap  Rm  Em  cos(Sm  -  2  Ls  +  Pm)  + 

Ap  Rm^  cos[2(Sm  -  Ls)] }  (22) 

The  distance  between  the  centers  of  the  earth  and  sun 
(Ds)  is  found  from 

Ao=  l/[Cs(l  -Ee2)]  (23) 


1/Ds  =  1/Cs  +  Ao  Ee  cos(Ls  -  Ps)  (24) 


where  Cs  =  1 .49598E1 1  m  is  the  mean  distance  between 
the  centers  of  the  earth  and  sun,  and  Ee  =  0.016708617  is 
the  eccentricity  of  the  earth’s  orbit.  The  earth  radius  at  the 
point  of  observation  is  given  by 

Rp  =  Re/[1  +  0.006738  sin2(La)]  (25) 

where  La  is  the  latitude.  The  vertical  (upward) 
components  of  the  lunar  (Gm)  and  solar  (Gs)  tidal 
acceleration  at  a  point  Pt  on  the  earth’s  surface  are  given 
by 

Gm  =  Mu  Mm  Rp  [3  cos^(Th)  -1]/Dm^  -h 
1.5  Mu  Mm  Rp^  [5  cos^(Th)  - 
3  cos(Th)]/Dm4  (26) 

Gs  =  Mu  Ms  Rp  [3  cos^(Ph)  -  1]/Ds^  (27) 

Mu  =  6.67259E-11  m^  kg“^  s^  is  Newton's 
gravitational  constant,  Mm  =  7.3483E22  Kg  is  the  mass 
of  the  moon,  and  Ms  =  1.9891E30  Kg  is  the  mass  of  the 
sun.  To  convert  vertical  tidal  acceleration  to  actual  earth 
deflection,  the  following  equation  is  used: 


Dv  =  (Gm  +  Gs)  Re  Lv  /  {2  [9.7804  + 

0.0517  sin2(La)]} 

where  Lv  is  the  vertical  Love  number  and  the  denominator 
is  twice  the  value  of  gravity  at  the  earths  surface  (in  MKS 
units).  Love  numbers  convert  the  equipotential  surface 
(the  height  that  would  be  taken  by  an  idealized  fluid 
covering  a  perfectly  rigid  earth)  into  actual  earth 
movement.  Measurements  of  the  vertical  Love  number 
place  its  value  at  about  0.61. 

From  here  to  Eq.  (44),  the  equations  are  primarily  from 
Pollack  (1973).  The  magnitudes  of  the  horizontal 
components  of  lunar  (Hm)  and  solar  (Hs)  tidal  acceleration 
are  given  by 

Hm/sin(Th)  3  Mu  Mm  Rp  cos(Th)/Dm3  + 

1.5  Mu  Mm  Rp^  [5  cos^(Th)  -1] 

/Dm4  (29) 


Hs/sin(Ph)  =  3  Mu  Ms  Rp  cos(Ph)  /  Ds^  (30) 

Note  that  Eq.  (30)  corrects  an  error  in  Longman's 
Eq.  (4).  The  declination  (Md)  and  hour  angles  (Tm)  of 
the  moon  are  related  by 

sin(Md)  =  sin(Ie)  sin(Lm)  (31) 


cos(Md)  cos(Tm)  =  cos(Ra)  cos(Lm)  + 

sin(Ra)  sin(Lm)  cos(Ie)  (32) 


and  for  the  sun 


sin(Sd)  =  sin(In)  sin(Le)  (33) 


cos(Sd)  cos(Ts)  =  cos(Rv)  cos(Le)  + 

sin(Rv)  sin(Le)  cos(In)  (34) 


With  additional  analysis,  one  obtains 


cos(Md)  sin(Tm)  =  [cos(Lm)  - 

cos(Ra)  cos(Md)  cos(Tm)]/sin(Ra)  (35) 
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cos(Sd)  sin(Ts)  =  [cos(Le)  - 

cos(Rv)  cos(Sd)  cos(Ts)]/sin(Rv)  (36) 


cos(Ma)  sin(Th)  =  -  cos(La)  sin(Md)  + 

sin(La)  cos(Md)  cos(Tm)  (37) 


cos(Sa)  sin(Ph)  =  -  cos(La)  sin(Sd)  + 

sin(La)  cos(Sd)  cos(Ts)  (38) 


sin(Ma)  sin(Th)  =  cos(Md)  sin(Tm)  (39) 


sin(Sa)  sin(Ph)  =  cos(Sd)  sin(Ts)  (40) 


The  south  tidal  accelerations  due  to  the  moon  and  sun 
are  found  from  the  expressions  below,  which  can  be 
evaluated  by  multiplying  Eq.  (29)  by  Eq.  (37)  and  Eq.  (30) 
by  Eq.  (38),  respectively. 


Um  Hm  cos(Ma)  (41) 


Us  =  Hs  cos(Sa)  (42) 


The  west  tidal  accelerations  due  to  the  moon  and  sun 
are  found  from  the  expressions  below,  which  can  be 
evaluated  by  multiplying  Eq.  (29)  by  Eq.  (39)  and  Eq.  (30) 
by  Eq.  (40),  respectively. 


Wm  =  Hm  sin(Ma)  (43) 


Ws  -  Hs  sin(Sa)  (44) 


The  south  and  west  displacements  are  found  from 


Do  =  Lh  Rp  (Um  +  Us)/  [9.7804  + 

0.0517  sin2(La)]  (45) 

Dw  =  Lh  Rp  (Wm  +  Ws)/  [9.7804  + 

0.0517  sin2(La)]  (46) 


where  the  horizontal  Love  number  (Lh)  has  a  measured 
value  near  0.09. 

The  equations  have  been  checked  by  constructing  an 
Excel  spreadsheet  from  the  equations  listed  above  and 
comparing  results  with  the  examples  listed  in  Broucke, 
etal.  (1972). 


EARTH  TIDE  EXAMPLES 

Figure  1  shows  the  radial  displacement  of  the  surface 
due  to  earth  tides  at  Shalimar,  FL,  and  Menlo  Park,  CA, 
using  the  model.  The  figure  shows  the  tides  for  four  days 
in  1 990  when  the  sun  and  the  moon  were  at  opposition 
and  could  be  expected  to  cause  large  tides.  The  delay 
between  Shalimar  and  Menlo  Park  can  lead  to  radial 
differences  of  up  to  30  cm.  During  times  of  lower  tides, 
the  maximum  difference  decreases  to  about  15  cm. 

Although  the  harmonic  analysis  of  the  tides  is  no 
longer  a  convenient  way  of  computing  earth  surface 
displacements,  it  is  of  value  for  understanding  how  the 
earth  tides  affect  various  locations.  The  earth  tide  looks 
different  at  the  equator  and  the  pole  because  of  the 
combined  actions  of  the  semidiurnal,  diurnal,  and  long¬ 
term  tidal  forces  (see  Figure  2).  The  semidurnal 
(sometimes  called  "sectorial")  tides  have  a  period  of 
approximately  12  hours.  They  bulge  the  earth  out  on  the 
parts  nearest  and  furthest  from  the  moon  (and/or  sun)  and 
pull  it  in  along  the  meridians  that  are  perpendicular  to  the 
moon's  direction.  Their  effect  is  maximal  at  the  equator 
and  nil  at  the  poles.  The  diurnal  (sometimes  called 
"tesseral")  tides  are  nil  along  the  equator  and  at  the  poles, 
and  at  a  maximum  at  the  mid-lattitudes.  They  bulge  out 
one  side  of  the  earth  in  the  northern  hemisphere  and  the 
opposite  side  in  the  southern  hemisphere.  The  long-term 
(sometimes  called  "zonal")  tides  have  periods  varying  from 
1 4  days  to  a  year.  These  tides  cause  the  earth  to  be 
squished  at  the  poles  and  bulge  all  around  the  equator. 
They  are  primarily  due  to  the  earth’s  equator  being  in  a 
different  plane  than  the  ecliptic.  The  recognition  of  these 
effects  is  attributed  to  LaPlace. 

Figure  3  shows  the  tides  at  the  equator,  Menlo  Park, 
and  the  North  Pole,  all  at  the  same  longitude.  At  the 
equator,  we  see  primarily  the  semidiurnal  tides.  In  Menlo 
Park,  we  see  that  the  addition  of  diurnal  tides  to  the 
semidiurnal  tides  causes  one  maximum  to  be  much  higher 
than  the  other  maximum.  At  the  North  Pole,  only  the 
long-term  tides  have  any  effect  (the  graph  would  have  to 
be  carried  out  for  weeks  to  show  periodic  changes). 

Figures  4  and  5  show  examples  of  the  south  and  west 
displacements  at  Shalimar  and  Menlo  Park. 
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FIGURE  1  EARTH  TIDE  VARIATIONS  FOR 

TWO  LOCATIONS  3300  km  APART 
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FIGURE  2  THE  THREE  PRIMARY  TYPES  OF  TIDAL  HARMONICS 
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FIGURE  3  EARTH  TIDE  DISPLACEMENTS  AT 
THE  EQUATOR,  A  MID-LATITUDE 
POINT,  AND  THE  POLE  (the  tide  at 
the  Pole  has  a  cyclic  variation  at  about 
14  days) 


Shalimar 


FIGURE  4  EARTH  TIDE  DISPLACEMENTS  IN 
THE  WEST/EAST  DIRECTION 


FIGURE  5  EARTH  TIDE  DISPLACEMENTS  IN 
THE  NORTH/SOUTH  DIRECTION 
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OTHER  EFFECTS 

In  addition  to  the  solid  earth  tide,  several  tidal  and 
geological  effects  can  affect  WADGPS  measurements  (see 
Archinal,  1992).  Other  factors  that  can  affect  measures  by 
a  few  centimeters  are  described  below. 

1 .  Rotational  deformation  due  to  polar  motion  can 
introduce  station  location  radial  displacements  of 
up  to  2.5  cm  and  horizontal  displacements  of  up 
to  0.7  cm.  The  proximity  of  Menlo  Park  and 
Shalimar  should  reduce  the  error  to  a  maximum  of 
1.5  cm  radial  and  0.4  cm  horizontal  (see  Archinal, 
1992). 

2.  Ocean  loading  due  to  tides  can  cause  the  land  to 
deflect.  Details  for  computing  these  defections  are 
outlined  in  Archinal  (1992).  A  series  of  tides  are 
multiplied  by  a  phase  function  and  then  summed. 
For  San  Francisco,  the  amplitude  of  the  largest 
component  is  1.53  cm.  Most  East  Coast 
locations  have  amplitudes  of  1  cm  or  less.  It 
should  be  noted  that  some  parts  of  the  world  can 
be  more  seriously  affected  by  ocean  loading  tides. 
Schuh  (1989)  claims  up  to  20  cm  total  variation 
for  ocean  loading  for  some  isolated  locations  and 
shows  a  measured  12  cm  at  Kwajalein. 

3.  Atmospheric  loading  is  found  from  both  local 
barometric  pressure  and  the  average  pressure  in  a 
2000-km  radius  circle  around  the  site.  If  there  was 
a  difference  of  one  inch  of  mercury  between  the 
sites  and  the  2000-km  circles  around  them,  an 
error  of  about  3  cm  would  occur.  The  3-cm 
displacement  is  probably  extreme  for  a  one-inch 
pressure  change  because  the  majority  (60%)  of  the 
effect  comes  from  the  average  pressure  in  the 
2000-km  radius  circle,  and  severe  pressure 
disturbances  are  usually  more  localized  than  a 
2000-km  circle.  However,  it  should  be  noted  that 
the  lowest  recorded  pressure  was  more  than  four 
inches  below  normal. 

4.  Relative  plate  motions  can  be  as  high  as  5  cm  per 
year.  If  the  surveyed  coordinates  are  old,  there 
could  be  noticeable  error. 


SUMMARY  AND  CONCLUSIONS 

The  equations  presented  in  this  paper  can  be  easily 
adapted  to  common  programming  languages  for  a  compact 
earth  tides  algorithm.  For  the  EDGE  project  we  have  used 
Microsoft  Excel  for  testing  and  C  for  the  real-time 
operating  code.  EDGE  attained  an  RMS  position  accuracy 
of  34  cm  CEP  for  a  user’s  stationary  receiver  that  used 


corrections  data  from  four  remote  reference  receivers  at 
distances  ranging  from  1900  to  2400  km. 

APPENDIX 

This  appendix  contains  an  alphabetical  list  of  symbols 
and  their  meanings,  units,  and  values  (in  the  case  of 
constants).  When  "d”  is  used  for  a  dimension,  the 
quantity  is  dimensionless.  Angles  denoted  "deg  or  rad" 
can  be  in  either  form,  provided  they  are  compatible  with 
the  trigonometric  functions  in  the  language  (usually 
radians).  When  an  angle  is  calculated  only  in  degrees,  it 
will  have  to  be  converted  to  radians  if  the  language 
requires  arguments  to  be  in  radians. 

A1  defined  in  equations  (7)  and  (8),  deg 

Am  ascending  intersection  of  the  moon’s  orbit  with  the 
equator,  d 

Ap  defined  in  equation  (21),  m'^ 

Ao  defined  in  equation  (23),  m"^ 

Cm  mean  distance  between  the  centers  of  the  earth  and 
moon,  3.844E8  m 

Cs  mean  distance  between  the  centers  of  the  earth  and 
sun,  1.49598E11  m 

Dm  distance  beween  the  centers  of  the  earth  and  moon, 
m 

Do  south  displacement  of  the  earth  at  point  Pt  due  to 
earth  tides,  m 

Ds  distance  between  the  centers  of  the  earth  and  sun,  m 

Dv  vertical  displacement  of  the  earth  at  point  Pt  due  to 
earth  tides,  m 

Dw  west  displacement  of  the  earth  at  point  Pt  due  to 
earth  tides,  m 

Ee  eccentricity  of  the  earth’s  orbit,  0.016708617,  d 
Em  eccentricity  of  the  moon's  orbit,  0.0549,  d 
Er  referred  equinox,  d 

Gm  vertical  component  of  tidal  acceleration  due  to  the 
moon,  m  s'^ 

Go  vertical  component  of  tidal  acceleration  due  to  the 
moon  and  sun,  m  s"^ 

Gs  vertical  component  of  tidal  acceleration  due  to  the 
sun,  m  s"^ 

Ha  hour  angle  of  mean  sun  measured  westward  from 
the  place  of  observations,  deg 
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Hm  horizontal  scalar  component  of  tidal  acceleration 
due  to  the  moon,  m  s’^ 

Ho  horizontal  scalar  component  of  tidal  acceleration 
due  to  the  moon  and  sun,  m  s~^ 

Hs  horizontal  scalar  component  of  tidal  acceleration 
due  to  the  sun,  m  s'^ 

le  inclination  of  the  moon's  orbit  to  the  equator,  deg 
or  rad 

Im  inclination  of  the  moon's  orbit  to  the  ecliptic, 
5.145396° 

In  inclination  of  the  earth's  equator  to  the  ecliptic, 
23.43929° 

La  terrestrial  latitude  of  point  of  interest  on  the  earth's 
surface,  deg  or  rad 

Le  longitude  of  the  sun  in  the  ecliptic  reckoned  from 
the  vernal  equinox,  rad 

Lh  horizontal  love  number,  0.09,  d 

Lm  longitude  of  the  moon  in  its  orbit  reckoned  from  its 
ascending  intersection  with  the  equator,  rad 

Lo  terrestrial  east  longitude  of  point  of  interest  on  the 
earth's  surface,  deg 

Ls  mean  longitude  of  the  sun,  deg  and  rad  (depending 
on  equation) 

Lv  vertical  love  number,  0.61,  d 

Ma  azimuth  to  the  moon,  reckoned  from  south  to  west, 
at  point  Pt  on  the  earth's  surface,  deg  or  rad 

Md  declination  of  the  moon,  deg  or  rad 

Mm  moon  mass,  7.3483E22  Kg 

Ms  sun  mass,  1.989 1E30  Kg 

Mu  Newton's  gravitational  constant,  6.67259E~  1 1  m^ 
kg'^  s"^ 

Nm  longitude  of  the  moon's  ascending  node  in  its  orbit 
reckoned  from  the  referred  equinox,  deg 

Nu  longitude  in  the  celestial  equator  of  its  intersection 
Am  with  the  moon’s  orbit,  deg 

Om  moon's  ascending  node,  d 

Ph  zenith  angle  of  the  sun,  deg  or  rad 

Pm  mean  longitude  of  lunar  perigee,  deg 

Ps  mean  longitude  of  solar  perigee,  deg 

Pt  point  of  interest  on  the  earth’s  surface,  d 

Ra  right  ascension  of  meridian  of  place  of  observations 
reckoned  from  Am,  deg 


Re  equitorial  radius  of  the  earth,  6378137  m 

Rm  ratio  of  mean  motion  of  the  sun  to  that  of  the 
moon,  0.074804,  d 

Rp  distance  from  Pt  to  the  center  of  the  earth,  m 

Rv  right  ascension  of  meridian  of  place  of  observations 
reckoned  from  the  vernal  equinox,  deg 

Sa  azimuth  to  the  sun,  reckoned  from  south  to  west,  at 
point  Pt  on  the  earth's  surface,  deg  or  rad 

Sd  declination  of  the  sun,  deg  or  rad 

Sm  mean  longitude  of  moon  in  its  orbit  reckoned  from 
the  referred  equinox,  deg 

Si  mean  longitude  of  moon  in  radians  in  its  orbit 
reckoned  from  Am,  rad 

Tc  number  of  Julian  centuries  from  Greenwich  mean 
noon  on  Dec.  31,  1899 

Th  zenith  angle  of  the  moon,  deg  or  rad 

Tm  hour  angle  of  moon  measured  westward  from  the 
place  of  observation,  deg  or  rad 

To  Greenwich  civil  time  measured  in  hours 

Ts  hour  angle  of  sun  measured  westward  from  the 
place  of  observation,  deg  or  rad 

Um  south  component  of  tidal  acceleration  due  to  the 
moon,  m  s"^ 

Us  south  component  of  tidal  acceleration  due  to  the 
sun,  m  s‘^ 

Ve  vernal  equinox,  d 

Wm  west  component  of  tidal  acceleration  due  to  the 
moon,  m  s  ^ 

Ws  west  component  of  tidal  acceleration  due  to  the  sun, 
m  s'^ 

Xi  longitude  in  the  moon's  orbit  of  its  ascending 
intersection  with  the  celestial  equator,  deg 
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ABSTRACT 

The  Global  Positioning  System  (GPS)  satellites, 
designated  as  PRN5  (SVN35)  and  PRN6  (SVN36), 
are  equipped  with  laser  retroreflectors.  Satellite  laser 
ranging  (SLR)  observations  have  been  collected  by 
the  National  Aeronautics  and  Space  Administration 
(NASA)  at  a  number  of  their  tracking  sites  since 
November  of  1993.  NASA  quick  look  normal  points 
have  been  processed  over  selected  periods 
throughout  1993,  1994,  and  1995  in  order  to 
provide  an  independent  evaluation  of  two  GPS 
ephemeris  products  calculated  by  the  Department  of 
Defense  (DoD).  One  product  is  the  real  time  Kalman 
filter  estimates  calculated  by  the  GPS  Operational 
Control  System  (OCS)  and  the  other  is  the  Defense 
Mapping  Agency  (DMA)  post  fit  precise  ephemeris. 
Since  the  NASA  laser  ranging  data  are  accurate  to  a 
few  centimeters,  this  data  type  can  be  used  to 
independently  evaluate  DoD  ephemeris  accuracy. 
While  the  laser  data  distribution  is  sparse,  the 
combined  results  from  several  selected  analysis 
periods  provide  an  adequate  data  sample  size  for 
this  study.  SLR  residuals  were  calculated,  using  the 
DoD  orbit  products,  by  correcting  for  tropospheric 
effects,  relativistic  effects,  the  laser  retroreflector 
offset  from  the  satellite’s  center  of  mass,  station 
tides,  and  plate  motion.  Results  are  provided  in  the 


form  of  SLR  residuals  that  vary  in  value  from  a  few 
centimeters  to  a  few  meters.  A  statistical  summary  of 
these  residuals  is  provided.  The  results  are 
significant  because  they  have  been  determined 
without  the  use  of  DMA  or  OCS  processing  software 
or  L-Band  tracking  data. 


PROCEDURE 

Satellite  laser  range  (SLR)  residuals  were  computed 
using  the  Operational  Control  System  (OCS)  and  the 
Defense  Mapping  Agency  (DMA)  ephemeris  for 
thirty  days  during  1993-1995.  The  OCS  ephemeris 
is  a  real  time  Kalman  filter  process,  described  in 
Scardera  [1],  and  the  DMA  ephemeris  is  a  post-fit 
Kalman  filter/smoother  process,  described  in  Swift 
[2].  The  key  differences  between  these  two 
processes  are  outlined  in  Table  1.  It  should  be 
noted  that  the  OCS  Kalman  filter  is  ‘tuned’  to 
generate  predictions  of  the  GPS  orbit  and  clock 
states  while  the  DMA  Kalman  filter/smoother  and  the 
IGS  process  are  ‘tuned’  to  generate  the  best  after 
the  fact  GPS  orbit  and  clock  estimates.  One  such 
tuning  procedure,  as  indicated  in  Table  1,  is  to  adjust 
the  process  noise  level  to  prevent  clock  estimates 
from  following  their  random  component.  Although 
this  may  improve  the  prediction,desired  by  OCS,  it 
would  not  improve  the  post-fit  results  desired  by 
DMA. 


Because  a  recent  set  of  minor  revisions  to  the  World 
Geodetic  System  1984  (WGS  84),  Malys  and  Slater 
[3],  have  been  implemented  during  the  course  of 
this  study,  special  procedures  had  to  be  used  to 
account  for  the  implementation  of  these  revisions  in 
the  DOD  orbit  processes.  In  particular,  a  revised 
value  for  the  central  term  in  the  WGS  84  Earth 
gravitational  model  was  implemented  at  different 
times  in  the  DMA  and  OCS  orbit  processes.  This 
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term,  commonly  known  as  ‘GM’,  which  represents 
the  product  of  the  universal  gravitational  constant  (G) 
and  the  mass  of  the  Earth  (M),  including  the 
atmosphere,  was  changed  to  the  internationally 
recommended  value  of  398600.4418  km3/s2 
McCarthy  [4],  The  original  WGS  84  value  for  this 
parameter  was  398600.5  and  the  change  was  shown 
to  cause  a  1 .29  meter  systematic  error  in  the  radial 
positions  of  the  GPS  satellites.  This  radial  error,  in 
general  did  not  corrupt  navigation  user  positioning 
since  it  was  fully  compensated  for  by  a 
corresponding  equal  and  opposite  error  in  the 
estimated  satellite  clock  offsets.  In  this  way,  user 
navigation  solutions  did  not  suffer  the  effects  of  this 
GM  error.  In  the  analysis  presented  here  however, 
this  radial  error  must  be  carefully  accounted  for  and 
effectively  removed  from  the  DoD  orbits  which  were 
generated  before  the  improved  GM  value  was 
implemented. 

The  DMA  orbit  process  implemented  the  revised  GM 
value  on  day  2  of  1994  while  the  OCS  implemented 
the  revised  value  on  days  292  and  305  of  1994  for 
PRN5  and  PRN6  respectively.  DMA  and  OCS  orbits 
generated  after  these  dates  did  not  require 
adjustment  for  this  WGS  84  GM  change. 


For  the  purpose  of  calibrating  results,  residuals  were 
also  computed  using  ephemerides  obtained  from 
the  International  GPS  Service  (IGS).  IGS  residuals 
were  expected  to  be  much  lower  due  to  the  size  of 
the  IGS  tracking  netwoi1<  and  the  fact  that  some  of 
the  SLR  tracking  sites  are  colocated  with  IGS  GPS 
tracking  sites.  The  GM  value  used  by  the  IGS,  during 
the  comparison  period,  was  398600.4415  and  no 
adjustments  were  made  for  this  small  difference. 


NORMAL  POINT  MEASUREMENTS 

A  very  good  discussion  on  normal  points  and  laser 
ranging  principles  in  general  can  be  found  in  Degnan 
and  Pavlis  [5].  The  NASA  quick  look  normal  points 
used  in  this  study  are  produced  in  the  field  by 
compressing  a  number  of  raw  laser  ranges  into  a 
single  value  in  order  to  reduce  random  error.  Raw 
laser  ranges  are  produced  by  an  outgoing  laser 
pulse,  containing  about  101^  photons.  The  pulse  is 
reflected,  at  the  satellite,  by  a  laser  retroreflector 
array,  built  by  the  Russian  Institute  for  Space  Device 
Engineering  in  Moscow  under  contract  to  Professor 
Carroll  Alley  at  the  University  of  Maryland.  The  pulse 
is  returned  to  the  telescope  but  only  a  few  of  the 
original  photons  return.  This  is  partly  due  to  the  fact 


that  most  SLR  tracking  stations  are  designed  for 
lower  orbiting  satellites  and  partly  due  to  the  size  of 
the  retroreflector  array.  It  is,  for  example,  small  by 
comparison  to  that  on  GLONASS  which  can  be 
tracked  easily.  The  SLR  counter  has  a  resolution  of  3 
millimeters  and  the  departure  time  of  the  pulse  is 
recorded  to  an  accuracy  of  less  than  a  microsecond. 
The  number  of  raw  ranges  used  to  form  a  quick  look 
normal  point  can  vary  from  a  few  to  a  few  hundred, 
and  are  compressed  over  a  three  minute  or  five 
minute  interval.  The  standard  error  for  the  normal 
points  can  vary  from  a  few  millimeters  to  a  few 
centimeters.  The  normal  points  have  been 
corrected  for  any  equipment  delay  but  not  for  other 
effects.  Laser  ranges  are  not  affected  by  the 
ionosphere  or  the  wet  component  of  the 
troposphere.  Corrections  are  made  to  account  for 
the  remaining  tropospheric  effect  by  using  the  Marini 
&  Murray  [6]  tropospheric  model  for  laser  data.  This 
model  is  accurate  to  one  centimeter  above  ten 
degrees  and  the  normal  point  data  used  in  the  study 
is  between  twenty  and  ninety  degrees.  The  typical 
tropospheric  correction  is  between  two  and  four 
meters.  The  GPS  laser  reflector  array  is  offset  from 
the  center  of  mass  and  the  effect  on  a  range 
measurement  is  about  negative  half  a  meter.  There 
is  a  relativistic  time  delay  on  laser  data  which  is  less 
than  a  centimeter.  The  station  position  is  affected  by 
plate  motion  and  earth  tides.  The  NUVEL  NNR-1 
plate  motion  model  and  the  solid  earth  tide  effect  on 
station  coordinates  are  taken  from  the  International 
Earth  Rotation  Service  (lERS)  Standards  (1992), 
McCarthy  [4].  These  models  are  used  to  correct  the 
station  position  to  the  current  observation  time. 
Residuals  in  the  form  of  observed  minus  computed 
range  values  are  calculated  by  using  the  ephemeris 
provide  by  the  IGS,  the  DMA,  and  the  OCS. 
Residuals  computed  from  ephemeris  developed 
with  the  old  GM  are  adjusted  by  adding  1 .29  meters 
to  their  value  in  order  to  account  for  the  GM 
difference.  Mean,  standard  deviation,  and  peak 
value  statistics  are  calculated  daily  and  for  the  entire 
data  set.  RMS  values  are  calculated  for  the  entire 
data  set  and  compared  with  User  Range  Error  (URE) 
statistics. 


ORBIT  EVALUATION  RESULTS 

Figure  1  indicates  the  geographical  location  for  each 
of  the  NASA  SLR  tracking  sites  utilized  for  collection 
of  the  evaluation  data.  Figures  2, 3,  and  4  show  the 
distribution  of  the  GPS  tracking  networks  utilized  by 
the  OCS,  the  DMA  and  the  IGS  respectively. 
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The  thirty  days  of  SLR  tracking  data  used  in  this 
study  were  collected  between  November  1993  and 
March  1995.  Tables  2  and  3  provide  a  list  of  the 
specific  days  used  as  well  as  the  daily  statistics  on 
the  orbit  evaluations  for  all  three  sets  of  estimated 
orbits  (IGS,  DMA  and  OCS).  Figures  5,  6,  7,  and  8 
are  a  graphic  representation  of  the  entire  set  of  SLR 
tracking  residuals  from  the  OCS  and  DMA 
ephemeris.  Because  the  collection  of  SLR  data 
used  here  is  spread  over  seventeen  months,  the 
structure  of  these  residuals  in  an  individual  day 
cannot  be  seen  on  these  particular  plots.  Separate 
plots,  provided  in  Figures  9,  10,  and  11  show  the 
residuals  from  all  three  orbit  evaluations  over  a  two 
day  period.  The  two  days  selected  for  this  plot  were 
days  11  and  12  of  1995  from  PRN5.  These  results 
appear  to  be  representative  of  the  overall  results 
which  are  provided  in  Tables  4  and  5.  Figure  9 
indicates  that  any  station  related  error  is  less  than  20 
cm.  while  Figure  1 1  shows  a  300  cm.  variation.  Graz, 
Austria  and  Herstmonceux,  UK  see  satellite  PRN5  at 
about  the  same  time  and  have  similar  IGS  residuals 
but  dissimilar  DMA  and  OCS  residuals.  The  variation 
in  the  residuals  for  the  OCS  and  to  a  lesser  extent 
the  DMA,  support  the  belief  that  the  ephemeris  error 
is  the  dominant  component  of  these  residuals. 


Since  the  accuracy  of  the  SLR  normal  points  is 
expected  to  be  no  worse  than  a  few  centimeters,  the 
statistics  provided  in  Tables  4  and  5  provide  an 
independent  accuracy  check  of  the  GPS 
ephemerides  generated  by  the  three  organizations. 
Clearly,  the  IGS  ephemerides  are  superior  to  the 
DMA  or  OCS  estimates  while  the  DMA  orbits  are 
superior  to  the  OCS  filter  states.  Recall  that  the  OCS 
filter  states  are  not  derived  from  any  prediction 
process.  In  GPS  parlance,  the  Age  of  Data  (AOD)  of 
the  OCS  filter  states  is  zero.  If  the  broadcast 
navigation  messages,  which  are  based  on  a 
prediction  process,  were  evaluated  with  the  laser 
tracking  data  described  here,  the  statistics  would  be 
considerably  larger. 


Since  the  RMS  values  shown  in  Table  5  are  in 
essence,  a  measure  of  the  URE  due  to  ephemeris 
error,  these  values  can  be  compared  to  RMS  values 
of  User  Range  Errors,  due  to  ephemeris  error,  which 
have  been  derived  by  other  investigators  using  L- 
Band  tracking  data.  Note  however,  that  the  UREs 
derived  from  L-Band  tracking  data  are  affected  by 
important  additional  error  sources,  including  those 
associated  with  the  satellite  and  receiver  clocks. 


Note  also  that  it  is  possible  for  satellite  and  receiver 
clock  error  to  compensate  for  each  other  to  some 
degree.  Despite  these  differences,  the  RMS  of 
laser  tracking  residuals  for  the  OCS  orbits  shown  in 


DMA 

Ten  Stations. 


OCS 

Five  Stations. 


Eight  day  smoother.  Continuous  filter. 

All  sats  in  one  partition.  Up  to  six  sats  per  partition. 

Rad.  &  Y-axis  modeled  Radiation  pressure  &  Y-axis 
as  1  St  order  Gauss-  modeled  as  random  walk  with 

Markov  with  high  noise,  low  process  noise.  Process 
No  noise  on  orbit.  noise  on  orbit  states. 

High  process  noise  on  Low  process  noise  on  sat 
sat  clocks.  Q-bumps  clocks.  Q-bumps  at  clock 
at  clock  events.  events. 

Requires  Master  Clock.  Requires  Composite  Clock. 

Solves  for  polar  motion.  Does  not  solve  for  pole. 

Solves  for  utl  -utc  rate.  Does  not  solve  for  utl  -utc 
rate. 


Uses  utl -utc  predict 
to  move  the  gradient 
of  potential  from 
ecef  to  eci. 

Models  zonal  tide 
effects  on  utl . 

Models  plate  tectonic 
motion. 


Does  not  use  utl -utc  predict 
to  move  the  gradient  of 
potential  from  ecef  to  eci. 


Does  not  model  zonal  tide 
effects  on  utl . 

Does  not  model  plate 
tectonic  motion. 


Estimates  tropospheric  Does  not  est.  tropospheric 
parameter  per  station,  refraction  parameter . 

Eight  day  ref.  orbit.  Thirty  day  reference  orbits. 
Five  min.  step,  (other  Seven  and  a  half  min.  step, 
step  for  force  change),  (one  min  during  eclipse). 

Radiation  nwdel  uses  Radiation  model  has  an 
constant  satellite  mass,  option  to  use  a  variable  mass. 


Table  1  DMA  Versus  OCS  Processing 
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Figure  2  OCS  GPS  Tracking  Network 
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Figure  3  DMA  GPS  Tracking  Network 
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PRN5  MEAN  (CM.) 


Pts. 

Yr 

Day 

IGS 

DMA 

OCS 

27 

93 

321 

-8.5 

9.2 

59.0 

58 

93 

322 

-6.4 

-27.3 

73.6 

48 

93 

323 

-7.5 

-51.8 

22.9 

11 

93 

324 

1.6 

15.7 

104.7 

15 

94 

186 

-1.9 

6.7 

176.9 

9 

94 

214 

1.7 

-39.6 

109.4 

11 

94 

215 

11.9 

-71.0 

166.7 

6 

94 

216 

12.0 

-47.2 

96.1 

8 

94 

217 

7.1 

-83.9 

21.2 

9 

94 

236 

6.6 

-30.1 

-10.5 

5 

94 

237 

3.8 

-17.4 

-46.7 

14 

94 

292 

1.4 

21.7 

66.1 

4 

94 

293 

-2.6 

8.4 

41.5 

8 

94 

364 

-19.5 

50.6 

44.7 

6 

94 

365 

-22.1 

25.5 

-7.4 

7 

95 

2 

-9.1 

33.0 

52.5 

8 

95 

3 

-8.6 

-2.0 

30.4 

15 

95 

4 

12.4 

-22.7 

138.8 

11 

95 

5 

14.3 

-44.0 

104.1 

15 

95 

6 

-1.8 

-22.7 

106.1 

22 

95 

11 

-1.9 

-8.1 

79.5 

14 

95 

12 

14.5 

-24.2 

93.0 

5 

95 

14 

-4.6 

-22.3 

3.0 

7 

95 

16 

3.4 

3.7 

154.6 

6 

95 

73 

-3.2 

15.4 

85.5 

13 

95 

74 

3.1 

-14.5 

93.8 

6 

95 

75 

3.8 

15.7 

22.7 

10 

95 

76 

3.7 

15.3 

35.8 

22 

95 

77 

-1.4 

-1.9 

154.5 

10 

95 

78 

5.3 

64.6 

50.2 

11 

95 

79 

-4.3 

-5.2 

206.9 

Table  2  SLR  Residual  Statistics  By  Day  (PRN5) 


Points  421  Mean79.3(m  Std.  84.4<m  Pe^300.2crTi 

.Zon. 
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Figure  5  PRN5  OCS  SLR  Residuals 


STD.  (CM.)  PEAK  (CM.) 


IGS 

DMA 

OCS 

IGS 

DMA 

OCS 

1.7 

6.7 

19.7 

-10.7 

24.4 

109.1 

7.6 

37.2 

70.9 

-20.2 

-94.8 

248.4 

7.2 

51.4 

72.2 

-22.5 

-110.4 

185.7 

3.5 

23.8 

26.5 

-5.9 

45.5 

135.9 

0.2 

12.9 

63.8 

-2.3 

26.2 

268.7 

0.2 

0.5 

46.5 

2.1 

-40.0 

180.0 

1.4 

7.6 

17.9 

13.6 

-81.2 

187.5 

1.0 

7.9 

10.4 

13.6 

-56.5 

109.8 

1.1 

4.9 

9.5 

8.3 

-89.9 

34.2 

4.6 

9.3 

36.5 

14.4 

-38.6 

-48.5 

1.2 

5.4 

7.5 

6.0 

-24.2 

-55.9 

9.7 

9.0 

39.2 

17.7 

43.6 

119.8 

0.6 

0.5 

3.7 

-3.1 

8.8 

46.5 

2.2 

9.4 

20.3 

-22.1 

61.2 

69.8 

1.2 

1.6 

6.1 

-23.4 

27.9 

-16.5 

1.3 

4.0 

8.6 

-11.8 

37.8 

64.7 

1.4 

18.6 

23.5 

-11.0 

-26.2 

60.5 

6.3 

101.8 

101.7 

21.5 

-117.5 

261.3 

1.5 

21.4 

19.0 

16.6 

-75.6 

133.4 

7.9 

81.2 

92.3 

-11.7 

-132.4 

256.5 

9.7 

23.3 

116.3 

-15.2 

-34.1 

229.5 

5.4 

27.0 

129.4 

21.0 

-57.3 

276.3 

1.1 

0.6 

16.3 

-6.3 

-23.3 

26.1 

1.5 

3.6 

30.4 

5.2 

8.5 

196.1 

1.0 

4.0 

45.2 

-4.4 

19.7 

139.4 

6.4 

9.5 

87.7 

15.8 

-28.2 

255.2 

0.6 

3.6 

4.1 

4.6 

20.7 

29.1 

3.3 

8.2 

46.8 

7.7 

26.5 

173.3 

2.7 

18.4 

88.4 

-5.1 

-33.5 

300.2 

1.0 

4.3 

4.8 

7.0 

68.8 

58.4 

0.5 

0.7 

23.9 

-5.0 

-6.2 

242.3 

Points  421  Mean-14.1<m  Std46.1<m  Peak -132.4cm. 

32.4011. 
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Figure  6  PRN5  DMA  SLR  Residuals 
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PRN6 

PtS. 

Yr 

Day 

6 

94 

236 

4 

94 

237 

3 

94 

238 

6 

94 

292 

6 

94 

295 

16 

94 

324 

7 

94 

362 

29 

94 

364 

7 

94 

365 

6 

95 

1 

4 

95 

2 

7 

95 

3 

4 

95 

4 

3 

95 

5 

4 

95 

6 

15 

95 

7 

7 

95 

10 

11 

95 

11 

10 

95 

12 

6 

95 

13 

11 

95 

14 

5 

95 

15 

26 

95 

74 

5 

95 

76 

18 

95 

77 

11 

95 

78 

7 

95 

79 

MEAN  (CM.) 


IGS 

DMA 

OCS 

0.0 

6.2 

22.4 

9.2 

-131.6 

-76.2 

-1.3 

8.7 

4.8 

72.4 

-98.5 

-5.5 

14.1 

-1.2 

161.2 

20.5 

-5.3 

7.1 

25.4 

6.7 

-2.6 

17.6 

131.6 

201.9 

-12.3 

-7.9 

-19.0 

19.8 

91.4 

94.0 

-9.9 

-3.9 

20.6 

0.3 

86.6 

122.2 

20.8 

21.5 

36.4 

-3.4 

181.4 

185.6 

21.6 

13.4 

10.3 

-81.9 

156.4 

265.3 

-1.3 

5.9 

23.2 

27.4 

200.8 

79.1 

0.7 

25.7 

17.8 

36.4 

119.9 

163.0 

1.7 

-5.4 

13.4 

21.8 

247.3 

91.6 

0.3 

21.0 

-2.9 

9.4 

38.4 

147.5 

3.9 

11.2 

78.4 

-3.6 

-7.5 

40.9 

84.3 

110.8 

127.3 

STD.  (CM.) 


IGS 

DMA 

OCS 

0.9 

2.3 

8.2 

3.2 

2.9 

11.1 

0.4 

0.5 

5.9 

1.2 

6.8 

2.0 

4.0 

6.7 

4.4 

3.5 

14.6 

9.1 

0.9 

5.8 

4.4 

15.5 

31.3 

94.6 

0.8 

3.6 

5.3 

3.9 

8.7 

13.5 

0.8 

7.1 

6.3 

1.0 

3.0 

7.2 

0.8 

3.5 

2.0 

1.0 

2.1 

1.3 

1.3 

5.0 

1.7 

2.9 

11.1 

31.8 

1.3 

5.0 

13.2 

16.3 

20.4 

11.7 

2.2 

1.2 

19.1 

7.9 

13.4 

26.8 

8.0 

26.4 

125.7 

0.8 

0.2 

6.3 

2.7 

28.8 

25.4 

1.9 

4.8 

2.4 

11.9 

31.2 

86.1 

1.8 

8.9 

38.8 

1.2 

1.1 

29.6 

PEAK  (CM.) 


IGS 

DMA 

OCS 

-1.6 

11.5 

24.9 

14.1 

-142.8 

-89.6 

-1.7 

11.0 

5.4 

83.7 

-105.8 

-7.0 

18.2 

-8.5 

167.7 

41.9 

-13.1 

27.8 

27.2 

26.1 

-11.1 

69.1 

139.5 

336.4 

-13.0 

-13.5 

-24.4 

32.0 

98.9 

107.7 

-11.0 

-5.0 

28.0 

-4.6 

94.1 

131.8 

21.8 

22.6 

41.3 

-5.3 

184.3 

187.4 

23.6 

18.3 

18.1 

-97.4 

159.3 

316.2 

-3.6 

22.0 

29.2 

47.5 

216.9 

92.6 

3.8 

39.6 

20.1 

55.7 

145.6 

189.1 

18.4 

-6.2 

68.9 

22.1 

380.5 

100.1 

-5.7 

23.4 

-52.0 

17.0 

116.3 

149.9 

22.7 

55.4 

170.3 

-7.5 

-9.4 

51.5 

85.3 

171.5 

171.4 

Table  3  SLR  Residual  Statistics  By  Day  (PRN6) 


Points  244  Mean  109.1  cm.  Std.  105.3cm.  Peak  380.5cm. 

O.Scm. 


Points  244  Moan  15.4cm.  Std.  42.9cm.  Peak  167.7cm. 
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Figure  7  PRN6  OCS  SLR  Residuals 


Figure  8  PRN6  DMA  SLR  Residuals 
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Centimeters 


MEAN  (CM.)  STD.  (CM.)  PEAK  (CM.) 


Sat.  ID 

Rs. 

IGS 

DMA 

OCS 

IGS 

DMA 

OCS 

IGS 

DMA 

OCS 

PRN5 

421 

-1.2 

-14.1 

79.3 

9.5 

46.1 

84.4 

-23.4 

-132.4 

300.2 

PRN6 

244 

4.3 

15.4 

109.1 

11.9 

42.9 

105.3 

39.6 

167.7 

380.5 

Table  4  Summary  Statistics  (SLR  Residuals) 


Sat.  ID 

Rs. 

IGS 

DMA 

OCS 

PRN5 

421 

9.6 

48.2 

115.8 

PRN6 

244 

12.7 

45.6 

151.6 

Table  5  RMS  Values  (CM.)  For  SLR  Residuals  From  GPS  Orbits 


Table  5  (116-152  cm.)  agree  well  with  the  L-Band 
UREs  for  the  OCS  orbits  which  have  been  quantified 
recently.  For  example,  the  RMS  of  400  days  of  L-Band 
Precise  Positioning  Service  UREs,  using  the  entire 
GPS  constellation  and  the  OCS  filter  states,  was  137 
cm.,  Malys  [7].  This  level  of  agreement  between  the 
laser  residuals  and  the  L-Band  residuals  is  quite 
remarkable  and  provides  an  indication  that  the  OCS 
estimation  process,  in  general,  is  successfully  isolating 
ephemeris  parameters  from  clock  parameters. 

The  statistics  shown  for  the  DMA  ephemerides 
indicate  a  half  meter  level  of  accuracy  and  are 
commensurate  with  the  level  of  a  posteriori  residuals 
generated  by  the  DMA  ephemeris/clock  estimation 
process. 

The  statistics  shown  for  the  IGS  ephemerides  show  an 
overall  decimeter-level  of  accuracy  and  corroborate  the 
results  of  independent  laser  data  analysis  reported  by 
Degnan  and  Pavlis  [7].  Moreover,  the  decimeter-level 
ephemeris  accuracy  claims  which  appear  throughout  a 
large  body  of  IGS  literature  are  supported  by  the 
results  presented  here. 


CONCLUSIONS 

The  paper  shows  that  the  OCS  continuous  Kalman 
filter  product  is  accurate  to  about  one  and  a  half  meters 
in  range  and  the  DMA  filter-smoother  product  is 
accurate  to  better  than  half  a  meter  in  range.  The 


Navigation  messages  which  are  broadcast  to  the  real¬ 
time  user  were  not  evaluated  in  this  study  but  since 
they  are  based  on  predictions  using  the  OCS  filter 
states  as  initial  conditions,  they  are  known  to  be  less 
accurate  than  the  filter  states  themselves.  Moreover, 
the  evaluations  of  all  three  types  of  ephemerides  (IGS, 
DMA  and  OCS)  yield  results  which  corroborate  the 
accuracy  claims  of  analysts  which  have  based  their 
conclusions  on  L-Band  tracking  data.  Because  the 
laser  tracking  data  does  not  depend  at  all  on  the 
behavior  of  the  satellite  clocks,  the  analysis  technique 
presented  here  provides  a  reliable,  independent 
method  of  ephemeris  accuracy  evaluation.  The  results 
provide  an  indication  that  ephemeris  parameters  and 
clock  parameters  are  adequately  isolated  in  the 
estimation  processes  which  are  routinely  executed  at 
the  IGS,  DMA  and  the  OCS. 
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Abstract 

Fast  and  on-the-fly  ambiguity  resolution  algorithms  are 
limited  to  short  baselines  mainly  due  to  ionospheric  re¬ 
fraction.  Even  under  the  moderate  and  mostly  undistur¬ 
bed  ionospheric  conditions  of  the  mid-latitudes,  the  diffe¬ 
rential  errors  often  exceed  1  ppm  of  the  baseline  length. 
Much  larger  errors  are  found  in  the  presence  of  iono¬ 
spheric  disturbances  and  in  the  equatorial  region. 

In  order  to  reduce  these  differential  errors  and  thus 
to  extend  the  use  of  fast  and  on-the-fly  ambiguity  re¬ 
solution  from  short  to  medium-length  baselines,  a  dif¬ 
ferential  ionospheric  model  was  developed  whose  para¬ 
meters  are  derived  from  dual-frequency  phase  observa¬ 
tions  of  at  least  three  GPS  monitor  stations.  Differen¬ 
tial  ionospheric  corrections  are  produced  epoch-by-epoch 
and  sateUite-by-sateUite  for  any  other  GPS  station  in  the 
area. 

Examples  are  presented  which  demonstrate  the  impro¬ 
vement  in  ambiguity  resolution  under  undisturbed  iono¬ 
spheric  conditions  in  the  mid-latitudes,  and  also  in  the 
presence  of  ionospheric  disturbances  (medium-scale  Tra¬ 
veling  Ionospheric  Disturbances).  These  disturbances  are 
able  to  prevent  fast  and  on-the-fly  ambiguity  resolution 
even  on  short  baselines  (<  10  km).  The  differential  iono¬ 
spheric  model  removes  most  of  these  disturbing  effects. 

Introduction 

Resolution  of  the  double  difference  carrier  phase  ambi¬ 
guities  is  the  key  to  precise  (cm  accuracy)  baseline  co¬ 


ordinates  from  GPS  measurements.  In  recent  years,  fast 
ambiguity  resolution  algorithms  and  ambiguity  resolu¬ 
tion  on-the-fly  were  introduced  (e.g.  Hatch  1990,  Fret 
and  Beuiler  1990),  These  algorithms  find  the  correct  set 
of  double  difference  ambiguities  after  just  several  seconds 
or  few  minutes  of  observations.  They  usually  produce 
reliable  results  if  no  large  observation  errors  affect  the 
phase  and  code  observations.  Thus,  code  noise  needs 
to  be  on  a  low  level  in  order  to  provide  a  good  initial 
position  estimation  from  code  observations.  Multipath 
effects  have  to  be  minimized  by  antenna  design  and  by 
careful  attention  to  antenna  siting.  Moreover,  distance- 
dependent  errors  have  to  be  kept  small  by  restriction  to 
short  baselines.  In  fact,  these  distance-dependent  errors 
limit  fast  ambiguity  resolution  to  baselines  with  a  maxi¬ 
mum  length  of  a  few  kilometers. 

Two  kinds  of  distance-dependent  errors  exist:  iono¬ 
spheric  refraction  and  orbit  errors.  Even  under  Selec¬ 
tive  Avcdlability  (SA)  broadcast  orbit  errors  have  seldom 
exceeded  10  m.  Applying  the  weU  known  but  pessimi¬ 
stic  rule-of-thumb  that  a  20  m  orbit  error  results  in  1 
ppm  baseline  error  shows  that  orbit  errors  contribute  to 
the  overall  error  budget  in  maximum  in  the  order  of  0.5 
ppm  of  the  baseline  length.  The  effects  of  ionospheric 
errors,  however,  are  often  much  larger  (1-2  ppm  and 
more)  even  under  the  moderate  ionospheric  conditions 
of  the  mid-latitudes  and  even  at  the  present  minimum 
of  the  sunspot  cycle.  Larger  errors  occur  in  the  pre¬ 
sence  of  ionospheric  disturbances,  in  the  equatorial  re¬ 
gion,  and  during  years  of  high  sunspot  activity.  Incidents 
have  been  observed  where  the  Li  ionospheric  baseline  er¬ 
ror  exceeded  10  ppm  of  the  baseline  length  ( Wanninger 
1993a,h), 

In  order  to  illustrate  the  contributions  of  orbit  errors 
and  ionospheric  errors  to  double  difference  phase  ob¬ 
servables,  a  24  hour  data  set  of  a  44  km  baseline  has 
been  arbitrarily  selected  from  our  database  of  permanent 
GPS  observations  in  Germany.  After  ambiguity  fixing, 
the  double  difference  range  residuals  have  been  plotted 
for  Li  and  for  the  ionosphere-free  linear  combination  Lq 
(Fig.  1).  Ionospheric  refraction  affects  the  Li-signal  only. 
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Figure  1:  Double  difference  range  residuals  in  all  satellite 
combinations  of  a  44  km  baseline,  for  Li  and  the  iono¬ 
sphere-free  linear  combination  Xq,  observed  in  Germany 
on  September  7,  1994. 

whereas  both  signals  contcdn  orbit  errors  and  all  other 
kinds  of  errors.  Hence,  the  difference  between  the  two 
plots  are  mainly  due  to  the  ionosphere  (some  differen¬ 
ces  can  be  attributed  to  the  higher  observation  noise  of 
the  Lo-signal  and  to  multipath).  Whereas  small  differen¬ 
ces  can  be  detected  between  midnight  and  sunrise  (low 
ionospheric  electron  content),  large  differences  are  found 
during  daylight  hours  (high  electron  content).  L2  obser¬ 
vations  and  linear  combinations  like  widelane  and  narro- 
wlane  experience  similar  ionospheric  effects  as  Li,  The 
difference  in  RMS- values  (Fig.  1)  illustrates  that  iono¬ 
spheric  refraction  is  the  main  error  source  in  medium- 
length  bcLselines  and  that  ionospheric  refraction  causes 
the  main  difficulty  for  ambiguity  resolution. 

One  approach  to  extend  the  use  of  fast  ambiguity  re¬ 
solution  algorithms  to  medium-length  baselines  (10-50 
km)  consists  in  the  reduction  of  ionospheric  errors  by 
application  of  appropriate  ionospheric  models.  In  re¬ 
cent  years,  various  publications  dealt  with  models  of 
the  absolute  total  electron  content  (TEC)  derived  from 
dual-frequency  GPS  observations  of  one  or  several  re¬ 
ceivers  (Fig.  2a).  These  models  were  used  to  reduce 
single-frequency  baseline  coordinate  errors  [Georgiadou 
and  Kleusberg  1988,  Wild  et  al  1989)  and  to  improve 
ambiguity  resolution  on  long  baselines  and  for  observa¬ 
tion  sessions  of  several  hours  {Mervari  et  al.  1994)^  Such 
a  model  consists  of  one  set  of  coefficients  for  all  satellites 
and  an  observation  session  of  several  hours.  Their  main 
limitation  lies  in  the  inability  to  reproduce  small-scale 
or  medium-scale  structures  of  the  ionospheric  electron 
content. 

The  idea  of  differential  ionospheric  modelling  was  in- 


Figure  2:  Different  levels  of  ionospheric  models  for  dif¬ 
ferential  GPS  (simplified  concepts).  2a:  Modelling  of 
the  absolute  TEC.  2b:  Differential  modelling  of  the  iono¬ 
sphere.  2c:  Differential  modelling  of  the  ionosphere  using 
double  differences. 
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troduced  by  Webster  and  Kleusherg  (1992),  Their  model 
provides  epoch-by- epoch  and  satellite-by-satellite  iono¬ 
spheric  corrections.  The  ionospheric  delays  of  a  station 
equipped  with  a  single-frequency  receiver  are  estimated 
from  interpolation  of  ionospheric  delay  observations  of 
three  surrounding  monitor  stations  using  the  intersection 
points  of  the  GPS  signal  paths  with  an  ionospheric  single¬ 
layer  model  at  a  height  of  350  km  (Fig.  2b).  The  problem 
of  ambiguities  in  the  ionospheric  delays  derived  from 
dual-frequency  phase  data  is  overcome  by  assuming  that 
the  ambiguity  differences  between  the  monitor  stations 
are,  on  average,  equal  to  zero. 

In  this  research,  dual-frequency  carrier  phase  ambi¬ 
guities  are  resolved  and  fixed  in  the  network  of  moni¬ 
tor  stations,  thus  yielding  differenticJ  ionospheric  delays 
in  the  most  accurate  GPS  mode.  Correction  values  are 
then  determined  on  the  level  of  double  differences  epoch- 
by-epoch  and  satellite-by-satellite  from  interpolation  of 


ionospheric  delay  values  of  the  monitor  stations  using 
their  coordinates  and  approximate  coordinates  of  the 
new  station  (Fig,  2c).  Thus,  in  contrast  to  Webster  and 
Kleusberg  (1992)  our  approach  requires  complete  ambi¬ 
guity  fixing  between  monitor  stations.  Moreover,  the  in¬ 
terpolation  algorithm  has  been  simplified. 

Regional  Differential  Ionospheric  Model 

The  regional  differential  ionospheric  model  is  derived 
from  dual-frequency  phase  data  of  at  least  three  GPS 
monitor  stations  surrounding  the  area  of  interest.  It  is 
based  on  the  double  difference  observables  of  the  iono¬ 
spheric  linear  combination  Li  of  the  phase  observations. 

In  a  first  processing  step,  ambiguity  resolution  and 
fixing  has  to  be  performed  for  the  network  of  monitor 
stations  (compare  Fig.  3,  see  also  Wanninger  1995),  Al¬ 
though  their  distances  may  be  of  the  order  of  50  km, 
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ambiguity  resolution  is  simplified  because  the  baseline 
coordinates  are  known,  dual-frequency  receivers  are  em¬ 
ployed  and  long  observation  periods  can  be  used.  If  the 
modelling  is  to  be  accomplished  in  real-time  or  almost  in 
real-time,  ambiguity  resolution  in  the  network  of  moni¬ 
tor  stations  must  be  performed  and  checked  continuously. 
The  reliable  fixing  of  the  double  difference  ambiguities  of 
a  newly  risen  satellite  may  require  several  minutes,  half 
an  hour,  or  an  even  longer  period  of  observation  data. 
As  long  as  the  ambiguities  of  a  particular  satellite  could 
not  be  fixed,  no  ionospheric  corrections  can  be  applied 
to  phase  observations  of  this  satellite. 

After  ambiguity  fixing,  we  obtain  unambiguous  double 
difference  ionospheric  observables  VAr^  for  each  epoch. 
They  refer  to  a  base  station  and  a  base  satellite.  In  each 
observation  epoch  the  ionospheric  model  consists  of  at 
least  two  (number  of  monitor  stations  minus  one)  V Avi 
values  per  visible  satellite.  Ionospheric  corrections  Ci  for 
any  station  in  the  area  can  than  be  computed  by  interpo¬ 
lation  using  the  known  latitude  and  longitude  coordina¬ 
tes  of  the  monitor  stations  and  the  approximate  latitude 
and  longitude  coordinates  of  the  stations  to  be  deter¬ 
mined.  The  correction  values  are  interpolated  epoch  by 
epoch,  i.e.  in  every  observation  epoch  an  independent  set 
of  corrections  is  produced. 

If  three  monitor  stations  are  available,  the  interpola¬ 
tion  of  correction  values  is  performed  by  a  linear  interpo¬ 
lation  algorithm.  If  more  monitor  stations  are  available, 
either  the  best  group  of  three  stations  (for  example  the 
three  closest  surrounding  stations)  should  be  selected  or 
several  correction  values  from  sets  of  three  stations  can 
be  computed  and  averaged  or  a  more  sophisticated  inter¬ 
polation  algorithm  could  be  used.  The  main  advantage 
of  more  than  three  monitor  stations  lies  in  the  ability 
to  determine  correction  values  even  if  only  some  (but  at 
least  three)  monitor  stations  including  the  base  station 
could  provide  observations. 

In  a  further  processing  step,  the  ionospheric  correction 
values  are  scaled  to  ionospheric  effects  on  iyi  and  L2  in. 
order  to  yield  corrections  for  the  original  phase  obser¬ 
vations  or  also  for  the  code  observations.  Corrections 
can  be  applied  to  the  observations  of  any  station  in  the 
area  including  the  monitor  stations.  The  observations  of 
the  base  station  and  of  the  base  satellite  need  not  to  be 
modified  because  their  correction  values  are  zero. 

Since  double  difference  corrections  are  applied  to  non- 
dilferenced  observations,  a  further  baseline  processing 
must  only  be  performed  between  stations  whose  observa¬ 
tions  have  been  manipulated  by  correction  values  based 
on  identical  error  models.  Manipulated  data  must  not  be 
combined  with  original  observations  with  the  exception 
of  the  observations  of  the  base  station. 

These  ionospheric  corrections  have  effects  on  single¬ 
frequency  and  dual-frequency  ambiguity  resolution  and 


Figure  4:  Network  of  GPS  monitor  stations  and  the  34 
km  baseline  0004-0006. 

on  single-frequency  coordinate  results.  Ionosphere-free 
coordinate  solutions  are  not  affected.  Their  results  re¬ 
main  unchanged. 

In  an  operational  mode,  ambiguity  resolution  in  a  re¬ 
gional  network  of  several  monitor  stations  surrounding 
a  number  of  new  stations  consists  of  the  following  pro¬ 
cessing  steps:  (a)  ambiguity  resolution  in  the  network 
of  monitor  stations,  (b)  estimation  of  ionospheric  correc¬ 
tions,  (c)  modification  of  the  observations  of  all  stations 
with  the  exception  of  the  base  station,  and  (d)  improved 
ambiguity  resolution  for  all  baselines  in  the  network. 

Undisturbed  Ionospheric  Conditions 

Observations  were  selected  arbitrarily  from  the  data  sets 
of  the  already  existing  dense  network  of  permanent  GPS 
stations  in  North  Germany  (Figure  4).  13  hours  of  Trim¬ 
ble  SST/SSE  observations  (June  17,  1994)  were  used  to 
test  the  described  algorithm.  The  analysis  of  the  iono¬ 
spheric  conditions  from  dual-frequency  phase  observati¬ 
ons  revealed  that  almost  undisturbed  and  thus  average 
mid-latitude  ionospheric  conditions  were  present.  The 
GEONAP  software  package  [Wuhbena  1989)  was  used  to 
perform  ambiguity  resolution  in  the  network  of  monitor 
stations  (0004,0005,0007,0008). 

Ionospheric  corrections  were  predicted  for  station  0006 
from  the  dual-frequency  phase  observations  of  at  least 
three  surrounding  permanent  tracking  stations.  When 
dual-frequency  observations  of  aU  four  surrounding  sta¬ 
tions  existed,  the  mean  of  two  predicted  values  (triangle 
0004-0007-0008  and  triangle  0004-0005-0008)  was  taken 
as  correction  value  for  the  observation  of  station  0006. 
In  both  triangles,  station  0004  was  used  as  base  station, 
therefore  the  observations  of  0004  needed  not  to  be  cor¬ 
rected  in  order  to  perform  improved  ambiguity  resolution 
for  the  baseline  0004-0006. 

The  successful  correction  of  ionospheric  effects  is 
shown  by  comparison  of  double  difference  phase  residu¬ 
als  of  L I  and  the  widelane  linear  combination  Lw  for 
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Original  Data 


Ionospheric  Model  Applied 


Figure  5:  Double  difference  phase  residuals  after  ambiguity  fixing  in  all  satellite  combinations,  in  L\  and  widelane 
Lw^  foT  the  original  data  and  with  ionospheric  model  applied,  34  km  baseline  of  Figure  4,  observed  under  undisturbed 
ionospheric  conditions. 


original 

observations 

ionospheric 
model  applied 

correct 

ambiguities 

fixed 

45  (87%) 

50  (96%) 

incorrect 

ambiguities 

fixed 

7  (13%) 

2  (4%) 

Table  1:  Ambiguity  fixing  with  GPSurvey,  15-min  blocks 
of  observations,  34  km  baseline  of  Figure  4,  undisturbed 
ionospheric  conditions. 


the  original  data  and  also  for  the  corrected  data  (Fig.  5). 
The  RMS  of  all  double  difference  phase  observations  im¬ 
proved  in  Li  from  0.18  cy  to  0.09  cy  and  in  Lw  from  0.06 
cy  to  0.03  cy.  Systematic  effects  of  ionospheric  refraction 
which  can  be  identified  by  constantly  large  residuals  over 
some  period  of  time  were  considerably  reduced.  Whereas 
95%  of  the  Lw  residuals  were  smedler  than  9.9  cm  be¬ 
fore  ionospheric  correction,  afterwards  95%  of  the  Lw~ 
residuals  were  smctUer  than  6.5  cm.  But  the  correspon¬ 
ding  figures  for  Li  show  no  improvement  (original  data: 
95%  smaller  than  7.0  cm,  corrected  data:  95%  smaller 
than  7.2  cm).  The  ionospheric  corrections  considerably 
improved  the  Li-RMS  value,  but  nevertheless  the  num¬ 
ber  of  large  residuals  could  not  be  reduced.  Most  proba¬ 
bly,  they  are  caused  by  Li-specific  but  non-ionospheric 
errors. 

In  order  to  verify  whether  the  ionospheric  corrections 
improve  ambiguity  resolution,  15-min  blocks  of  obser¬ 


vations  were  processed  with  a  non-scientific  manufactu¬ 
rer’s  software  package  (Trimble’s  GPSurvey  2.0).  The 
GPS  observations  were  loaded  from  RINEX-format,  on 
the  one  hand  the  original  observations  and  on  the  other 
hand  RINEX  phase  and  code  observations  after  iono¬ 
spheric  correction.  In  13%  of  the  15-min  blocks,  the  am¬ 
biguity  resolution  algorithm  selected  an  incorrect  set  of 
double  difference  ambiguities  with  the  original  data  (the 
coordinate  errors,  obtained  by  comparison  of  the  15-min 
baseline  solution  with  the  results  of  the  complete  data 
set,  considerably  exceeded  the  test  limits  of  5  cm  in  the 
horizontal  components  or  8  cm  in  the  vertical  compo¬ 
nent).  After  application  of  the  ionospheric  correction  this 
percentage  was  reduced  to  4  (Table  1).  The  remaining 
failures  are  attributed  to  poor  receiver-satellite-geometry 
causing  large  coordinate  errors  in  the  initial  coordinate 
solution.  Hence,  with  the  exception  of  outages  due  to 
poor  geometry,  the  ionospheric  model  guaranteed  cor¬ 
rect  ambiguity  resolution  of  a  34  km  baseline,  with  15- 
min  blocks  of  observations  and  with  a  standard  software 
package. 

Medium-Size  Ionospheric  Disturbances 

The  most  common  ionospheric  disturbances  in  mid¬ 
latitude  regions  are  caused  by  medium-scale  travelling 
ionospheric  disturbances  (MSTIDs).  They  mainly  oc¬ 
cur  during  dayUght  hours  in  winter  months  in  years  of 
maximum  solar  activity.  They  complicate  ambiguity  re¬ 
solution  even  on  baselines  shorter  than  10  km.  Single¬ 
frequency  coordinate  errors  can  exceed  10  ppm  of  the 
baseline  length  (Wanning er  1993a). 

An  example  of  strong  MSTIDs  was  found  in  a  9-hour 
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Figure  6: 

Network  of  GPS  monitor  stations  and 
the  23  km  baseline  dage-witt. 


Original  Data  Ionospheric  Model  Applied 


Figure  7:  Double  difference  phase  residuals  after  ambiguity  fixing  in  all  satellite  combinations,  in  Li  and  widelane 
Lw,  for  the  original  data  and  with  ionospheric  model  applied,  23  km  baseline  of  Figure  6,  observed  during  a  period 
of  ionospheric  disturbances  (medium-scale  TIDs). 


data  set  observed  with  Trimble  SSE  in  North  Germany 
on  March  16,  1993  (Fig.  6).  The  analysis  of  the  iono¬ 
spheric  conditions  from  dual-frequency  phase  observati¬ 
ons  revealed  large  and  periodically  changing  ionospheric 
effects  with  typical  MSTID-periods  of  10  to  20  minutes. 
These  effects  can  also  be  observed  in  the  Li  and  Lw 
double  difference  phase  residuals  (Fig.  7).  Li  double  dif¬ 
ference  phase  residuals  show  periodic  disturbances  with 
amplitudes  up  to  1  cycle  and  periods  of  15  to  30  minu¬ 
tes.  Here,  only  epoch-by-epoch  and  satellite-by-satellite 
ionospheric  modelling  can  produce  accurate  corrections. 

The  comparison  of  double  difference  phase  residuals  in 
Li  and  in  Lw  foi  fhe  original  data  and  for  the  corrected 
data  demonstrates  the  successful  application  of  the  diffe¬ 
rential  ionospheric  model  (Fig.  7).  The  RMS  of  all  double 
difference  phase  observations  improved  in  Li  from  0.28 
cy  to  0.09  cy  and  in  Lw  from  0.08  cy  to  0.03  cy.  Whe¬ 


reas  95%  of  the  Li  residuals  were  smaller  than  11,0  cm 
{Lw'  14,0  cm)  before  applying  ionospheric  corrections, 
afterwards  95%  of  the  f/x -residuals  were  smaller  than  3.5 
cm  {Lw-  4.9  cm).  Consequently,  the  disturbing  effects 
of  MSTIDs  could  greatly  be  reduced. 

In  order  to  verify  the  improvement  in  ambiguity  resolu¬ 
tion,  GP Survey  was  used  again  to  process  15-min  blocks 
of  observations  of  the  baseline  dage—witt.  Whereas  am¬ 
biguity  resolution  failed  in  24%  using  the  original  data, 
the  ambiguities  of  all  38  15-min  blocks  could  correctly  be 
solved  after  applying  ionospheric  corrections  (Table  2). 
Hence,  the  ionospheric  model  guaranteed  correct  ambi¬ 
guity  fixing  even  under  disturbed  ionospheric  conditions. 

Moreover,  the  23  km  static  baseline  has  been  processed 
in  kinematic  mode  and  an  ambiguity-fixed  widelane  solu¬ 
tion  has  been  produced,  i.e.  independent  sets  of  coordina¬ 
tes  have  been  calculated  for  every  epoch  using  the  wide- 
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Figure  8:  Coordinate  errors  of  a  kinematic  processing  (widelane  solution)  of  the  23  km  static  baseline  of  Figure 
6,  observed  during  a  period  of  ionospheric  disturbances  (medium-sccde  TIDs),  shaded  areas  indicate  periods  with 


DOP  >  7. 


original 

observations 

ionospheric 
model  applied 

correct 

ambiguities 

fixed 

29  (76%) 

38  (100%) 

incorrect 

ambiguities 

fixed 

9  (24%) 

0  (0%) 

Table  2:  Ambiguity  fixing  with  GPSurvey,  15-min  blocks 
of  observations,  23  km  baseline  of  Figure  6,  observed  du¬ 
ring  a  period  of  ionospheric  disturbances  (medium-scale 
TIDs). 


lane  linear  combination.  Two  kinds  of  ionospheric  effects 
can  be  distinguished  (Fig.  8,  original  data),  medium-sccde 
TIDs  causing  errors  with  amplitudes  up  to  20  cm  and 
with  periods  of  15  to  30  minutes,  and  errors  constant 
over  several  hours  due  to  the  absolute  ionospheric  el¬ 
ectron  content  (see  e.g.  the  fairly  constant  error  of  -6 
cm  in  longitude  between  1400  and  1700  hours).  Iono¬ 
spheric  corrections  completely  removed  the  latter  effects 
and  considerably  reduced  the  effects  of  MSTIDs.  The 
RMS  of  the  coordinate  errors  improved  from  5-6  cm  to 


1.5-2. 5  cm  in  the  horizontal  components  and  from  7.5  to 
about  4  cm  in  the  vertical  component. 

Conclusion 

Regional  differential  modelling  of  the  ionosphere  based 
on  dual-frequency  observations  of  at  least  three  GPS 
monitor  stations  can  successfully  be  applied  to  reduce 
ionospheric  effects  on  medium-length  baselines  and  thus 
improve  ambiguity  resolution.  Fast  and  on-the-fly  am¬ 
biguity  resolution  can  now  be  extended  from  short  (< 
10  km)  to  medium-length  (10  -  50  km)  baselines,  thus 
reducing  the  required  minimum  observation  time. 

The  requirement  of  complete  dual-frequency  ambiguity 
fixing  in  the  network  of  monitor  stations  limits  this  ap¬ 
proach  to  networks  with  baseline  lengths  of  less  than  50 
to  100  km.  If  the  modelling  is  to  be  performed  in  (near-) 
real-time  ambiguity  resolution  in  the  network  of  monitor 
stations  must  be  performed  and  checked  continuously. 

Despite  those  limitations,  these  regional  ionospheric 
error  models  enhance  differential  GPS  in  medium-sized 
networks.  Most  of  the  ionospheric  effects  are  removed 
even  under  ionospheric  disturbed  conditions.  Ambiguity 
resolution  is  improved  for  all  those  techniques  which  rely 
on  small  ionospheric  effects. 
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ABSTRACT 

The  dual  frequency  GPS  phase  measurement  is 
commonly  used  for  the  high  precision  GPS  geodetic 
applications.  Processing  this  particular  data  type  involves 
solving  several  non-dynamic  parameters,  such  as  the 
ambiguity  parameters  and  the  tropospheric  parameters. 
The  total  number  of  these  measurement  parameters  to  be 
estimated  grows  as  the  number  of  GPS  satellites  and 
ground  stations  increases,  or  as  the  arc  length  becomes 
longer,  which  in  turn,  requires  allocation  of  large  amounts 
of  computer  memory.  These  parameters  have  special 
characteristics  in  their  correlation  relation  with  each  other. 
The  parameters  adjacent  in  time  are  highly  correlated, 
while  parameters  separated  in  time  are  not.  This  special 
correlation  property  allows  the  correlation  between  time- 
separated  parameters  to  be  ignored,  thereby  reducing  the 


parameter  set  which  must  be  in  the  memory  at  any  given 
time.  Also,  the  size  of  the  parameter  set  which  will  reside 
in  the  memory  does  not  depend  on  the  arc  length.  Two 
different  types  of  GPS  tracking  data  have  been  processed 
using  this  approximation  to  demonstrate  significant 
reduction  on  computer  memory  usage  and  computation 
time  without  losing  the  accuracy  level  for  other  geodetic 
parameters.  One  is  the  data  set  from  IGS  campaign,  the 
other  is  the  data  set  from  Topex/Poseidon  (Topex).  The 
memory  requirement  reduced  by  23%  for  IGS  data  and 
46%  for  the  Topex  data  to  process  one  day  worth  of  these 
data.  CPU  time  also  reduced  by  26%  on  Cray  J90/16,  and 
by  38%  on  HP  735/125  workstation  for  IGS  data,  while 
32%  and  64%  reduction  in  CPU  time  demonstrated  for 
Topex  data  on  Cray  J90/16  and  HP  735/125,  respectively. 

INTRODUCTION 

For  the  high  precision  GPS  geodetic  applications,  the 
dual  frequency  GPS  phase  measurement  is  commonly 
used  these  days.  For  this  particular  data  type,  the  phase 
ambiguity  terms  should  be  determined  either  by  the 
ambiguity  resolution  techniques  or  by  simply  estimating 
ambiguity  parameters.  In  addition  to  the  ambiguity 
parameters,  the  tropospheric  parameters  should  be 
estimated  to  account  for  the  media  effect  for  this  data 
type.  In  the  context  of  the  batch  estimation,  the  total 
number  of  these  measurement  parameters  to  be  estimated 
grows  as  the  number  of  GPS  satellites  and  ground  stations 
increases,  or  as  the  arc  length  becomes  longer. 

Figure  1  shows  the  linear  increase  of  these 
parameters  as  the  arc  length  increases.  A  typical  1-day  arc 
for  the  International  GPS  Service  (IGS)  data  from  about 
30  ground  stations  requires  estimation  of  more  than  1000 
non-dynamic  parameters.  For  the  Topex  data,  more  than 
1600  parameters  should  be  estimated  for  a  1-day  arc  from 
24  stations.  Batch  estimation  of  large  number  of  these 
parameters  requires,  in  turn,  allocation  of  large  amounts 
of  computer  memory.  Figure  2  compares  the  memory 
requirement  for  processing  IGS  data  and  the  Topex  data 
for  up  to  3-day  arcs.  Figures  3  and  4  demonstrate  the  CPU 
time  spent  on  Cray  J90  and  HP735  for  each  data  type  to 
be  processed. 

These  parameters  have  special  characteristics  in  their 
correlation  relation  with  each  other.  The  parameters 
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adjacent  in  time  are  highly  correlated,  while  parameters 
separated  in  time  are  not,  as  demonstrated  in  Figure  5.  It 
shows  the  parameters  which  have  the  correlation 
coefficient  greater  than  0.7.  This  special  correlation 
property  allows  the  correlation  between  time-separated 
parameters  to  be  ignored,  thereby  reducing  the  parameter 
set  which  must  be  in  the  memory  at  any  particular  time. 
Also,  the  size  of  the  parameter  set  which  will  reside  in  the 
memory  does  not  depend  on  the  arc  length. 

Two  different  types  of  GPS  tracking  data  have  been 
processed  using  this  approximation  to  demonstrate 
significant  reduction  on  computer  memory  usage  and 
computation  time  without  losing  the  accuracy  level  for 
other  geodetic  parameters.  One  is  the  data  set  from  IGS 
campaign,  the  other  is  the  data  set  from  Topex. 

ASSUMPTIONS 

This  algorithm  was  developed  under  certain 
assumptions.  The  data  type  was  assumed  to  be  the  double- 
differenced  GPS  phase  measurement.  Comparing  to  the 
undifferenced  phase  data,  there  exists  correlations 
between  measurements  that  must  be  taken  into  account  to 
avoid  the  processing  of  redundant  information  (Bierman, 
1977).  Also,  the  double-differenced  ambiguity  parameters 
were  solved  in  the  estimation  process.  This  algorithm  was 
based  on  a  batch-least  squares  estimation  procedure 
(Tapley,  1973)  using  square-root  free  Givens  algorithm 
(Gentlemen,  1973).  This  algorithm  was  implemented  in 
the  MSODPl  (Multi-Satellite  Orbit  Determination 
Program  1),  which  is  a  GPS  data  processing  software  at 
CSR  (Rim,  1992).  Currently,  this  software  runs  on  Cray 
J90/16  and  HP735/125.  And  the  performance  of  this 
algorithm  was  evaluated  on  both  machines. 

DATA  SETS 

Two  types  of  double-differenced  GPS  phase 
observations  were  processed  to  evaluate  the  pass 
algorithm.  One  is  the  double-differenced  data  between 
ground  stations,  such  as  the  IGS  data.  The  other  is  the 
double-differenced  data  between  a  ground  station  and 
Topex/Poseidon  satellite.  Three  days  worth  of  data  for 
both  data  type  were  processed  from  April  23,  1995.  24 
GPS  satellites  from  32  ground  stations  were  used  for  IGS 
data,  while  24  stations  were  used  for  Topex  data.  For  both 
data  sets,  1-day,  2-day,  and  3-day  arcs  were  processed. 
The  epoch  state,  a  scale  factor  of  ROCK4,  and  daily  y- 
bias  parameters  were  adjusted  for  each  GPS,  and  the 
ambiguity  parameters,  2.5-hour  tropospheric  zenith  delay 
parameters  for  all  ground  stations,  and  coordinates  of 
selected  ground  stations  were  estimated  for  both  data 
type.  The  epoch  state,  daily  constant  along-track 
parameter  (CJ,  and  daily  once  per  orbital  revolution 
amplitude  and  phase  coefficients  in  the  along-track  and 
cross-track  directions  for  Topex  were  adjusted  for  Topex 
data. 


THE  PASS  ALGORITHM 

The  pass  algorithm  is  summarized  in  Table  1.  The 
observation  file  is  read  prior  to  the  data  processing  to 
check  the  pass  information  for  the  ambiguity  and  the 
tropospheric  parameters,  which  includes  the  pass  number, 
start  and  end  time  for  each  pass.  Assign  mamb+mtrop 
pass  parameters  in  the  first  part  of  the  estimation  vector. 
After  read  m  observations  at  any  time  t,  check  the  latest 
ambiguity  id-lamb,  and  the  tropospheric  parameter  id- 
Itrop.  If  lamb  exceeds  mamb,  save  the  row  of  DUZ 
into  a  disk  space,  and  rearrange  the  DUZ  such  as  the  2"'* 
row  becomes  the  row,  3'''*  row  becomes  2"'^  row,  and  so 
on  until  the  mamb-th  row  becomes  mamb-l-th  row. 
Reinitialize  the  mamb-th  row  so  that  this  location  could  be 
used  for  the  mamb+l-th  ambiguity  parameter.  Repeat  the 
above  procedure  lamb-mamb  times.  Same  steps  are 
followed  for  the  tropospheric  parameters.  After  process  all 
the  observations,  the  saved  DUZ  information  is  used  to 
solve  for  the  ambiguity  and  the  tropospheric  parameters 
using  the  back-substitution. 

PERFORMANCE  EVALUATION 

To  evaluate  the  pass  algorithm,  three  different  cases 
were  compared  in  terms  of  the  size  of  the  estimation 
vector,  the  computer  memory  usage,  and  the  computation 
time.  Those  cases  were  1)  assigning  ambiguity 
parameters  and  the  tropospheric  parameters  as  the  global 
parameters-Global  case,  2)  treating  ambiguity  parameters 
as  the  pass  parameters,  while  keeping  the  tropospheric 
parameters  as  the  global  parameters-Session  case,  and  3) 
treating  the  ambiguity  and  tropospheric  parameters  as  the 
pass  parameters-Pass  case.  For  each  case,  1-day,  2-day, 
and  3-day  arcs  were  processed  for  both  IGS  data  and 
Topex  data. 

Figure  6  shows  the  size  of  the  estimation  vector  for 
both  data  sets.  For  IGS  data,  the  number  of  ambiguity 
parameters  was  reduced  to  about  250  for  Session  and  Pass 
cases,  and  the  number  of  tropospheric  parameters  was 
reduced  to  150  for  Pass  case.  Foe  Topex  data,  the  number 
of  ambiguity  parameters  was  reduced  to  83  for  Session 
and  Pass  cases,  and  the  number  of  tropospheric 
parameters  was  reduced  to  120  for  Pass  case.  Note  that 
these  reduced  number  of  parameters  does  not  depend  on 
the  arc  length.  Comparing  to  the  Global  case  for  IGS  data, 
41%,  53%,  and  60%  reduction  in  the  estimation  vector 
size  was  achieved  for  the  Session  case  in  1-day,  2-day, 
and  3-day  arcs,  respectively.  For  the  Pass  case,  51%,  71%, 
and  79%  reduction  was  demonstrated  for  1-day,  2-day, 
and  3-day  arcs,  respectively.  For  the  Topex  data,  more 
reduction  in  the  estimation  state  vector  size  was  attained, 
such  as  69%,  76%,  and  79%  for  Session  case,  and  15%, 
86%,  and  90%  for  Pass  case  in  1-day,  2-day,  and  3-day 
arcs,  respectively. 

Figure  7  shows  the  computer  memory  requirement 
for  each  case.  For  IGS  data,  the  required  memory  was 
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reduced  by  19%,  48%,  and  64%  for  Session  case,  and  by 
23%,  57%,  and  73%  for  Pass  case  for  1-day,  2-day,  and  3- 
day  arcs,  respectively,  comparing  to  the  Global  case.  For 
Topex  data,  the  memory  usage  dropped  by  46%,  73%,  and 
84%  for  Session  case,  and  by  46%,  76%,  and  88%  for 
Pass  case  in  1-day,  2-day,  and  3-day  arcs,  respectively. 
Note  also  that  the  required  memory  stayed  at  the  same 
level  even  though  the  arc  length  increased. 

Figure  8  shows  the  CPU  time  on  Cray  J90/16  for 
each  case.  For  IGS  data,  the  CPU  time  reduced  by  16%, 
27%,  and  36%  for  Session  case,  comparing  with  Global 
case,  and  further  reduction  of  26%,  45%,  and  56% 
achieved  for  Pass  case  for  1-day,  2-day,  and  3-day  arcs. 
For  Topex  data,  28%,  51%,  and  65%  improvement 
achieved  in  CPU  time  for  Session  case,  and  32%,  55%, 
and  69%  for  Pass  case  in  processing  1-day,  2-day,  and  3- 
day  arcs. 

Figure  9  shows  the  CPU  time  on  HP735/125  for  each 
case.  For  IGS  data,  25%,  39%,  and  47%  decrease  in  CPU 
time  occurred  for  Session  case,  and  38%,  61%,  and  73% 
for  Pass  case.  For  Topex  data,  more  reduction  in  CPU 
time  was  demonstrated,  such  as  60%,  74%,  and  86% 
reduction  for  Session  case,  and  64%,  79%,  and  even  90% 
for  Pass  case.  Note  that  the  quadratic  increase  of  the  CPU 
time  with  arc  length  for  Global  case  became  a  linear  trend 
for  Pass  case  on  both  machines,  since  the  number  of 
observations  linearly  increased  as  the  arc  length  increased, 
while  the  required  memory  stayed  about  the  same  level. 
All  of  the  above  comparisons  were  summarized  in  Table 
2. 

SOLUTION  EVALUATION 

Table  3  compares  the  Global  orbit  solutions  with  the 
Session  and  the  Pass  orbit  solutions.  The  maximum  orbit 
difference  in  3-dimensional  RSS  was  less  than  1  mm  for 
the  Pass  solutions,  while  there  was  no  difference  in  the 
orbit  solutions  for  the  Session  cases.  Also,  the  difference 
in  the  estimated  station  coordinates  between  the  Session 
case  and  the  Global  case  was  zero,  while  the  maximum 
difference  for  the  Pass  cases  was  less  than  sub-mm.  These 
results  conform  the  validity  of  the  approximation  of 


ignoring  the  correlation  between  time-separated  non¬ 
dynamic  parameters. 

CONCLUSIONS 

Significant  reduction  in  the  computer  memory  usage 
and  the  computation  time  was  demonstrated  for 
processing  the  double-differenced  GPS  phase 
measurement  using  the  pass  algorithm.  It  was  also 
demonstrated  that  the  solution  accuracy  for  other 
parameters  was  preserved  when  this  algorithm  was 
employed.  Since  the  pass  algorithm  requires  about  the 
same  level  of  memory  usage  for  different  arc  length,  this 
algorithm  definitely  paves  an  efficient  way  to  explore 
longer  arcs  than  the  traditional  1-day  arcs  in  GPS  data 
processing  using  a  batch  least-square  estimation 
technique. 
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Table  1.  Pass  Parameter  Algorithm 
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Table  2.  Summary  of  Performance  Evaluations 


Case 

Number  of 
Parameters 

CPU  (min) 

Cray  J90 

HP735 

IGS 

1 

Global 

1281 

2.6 

21.3 

58.8 

Session 

757 

2.1 

17.8 

43.9 

Pass 

633 

15.7 

36.2 

2 

Global 

2352 

4.6 

61.2 

208.0 

Session 

1094 

2.4 

44.4 

127.8 

Pass 

687 

2.0 

33.8 

80.6 

3 

Global 

3454 

7.8 

125.2 

455.5 

Session 

1389 

2.8 

79.8 

241.0 

Pass 

712 

2.1 

54.9 

124.8 

Topex 

1 

Global 

1874 

3.5 

11.1 

28.2 

Session 

573 

1.9 

11.4 

Pass 

464 

1.9 

7.6 

10.1 

2 

Global 

3541 

7.9 

36.5 

111.7 

Session 

840 

2.1 

17.9 

28.8 

Pass 

493 

1.9 

16.5 

22.9 

3 

Global 

5266 

15.2 

87.5 

Session 

1115 

2.4 

30.6 

54.4 

Pass 

522 

1.9 

27.2 

38.3 

Table  3.  Maximum  RSS  Orbit  Difference  with  Global  Solution  [mm] 


Case 

Arc 

_ Lday _ 

2  day 

3  day 

Session 

Pass 

Session 

Pass 

Session 

Pass 

IGS 

0 

<0.1 

0 

<  1 

0 

<  1 

Topex 

0 

0 

0 

<1 

0 

<  1 
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2  3 

Arc  Length  (days) 


Arc  Length  (days) 


Figure  4,  CPU  Time  on  HP735  [min] 
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Figure  5.  Highly  Correlated  Parameters 
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ABSTRACT 

The  U.S.  Naval  Observatory  determines  the 
orientation  of  the  Earth  from  its  observations  of 
distant  celestial  radio  sources,  also  including  in  this 
determination  other  sources  of  data.  Because  of  the 
expense  of  the  radio  observations,  the  Observatory 
would  like,  if  possible,  to  reduce  the  required 
observing  time.  To  maintain  accurate  knowledge  of 
Earth  orientation  between  observations  in  a  reduced 
schedule,  the  Obsen/atory  desires  to  use  analysis  of 
observations  of  GPS  satellites. 


The  Observatory's  effort  to  analyze  GPS  satellite 
orbits  is  directed  toward  the  determination  of  both 
polar  motion  and  UT1,  the  rotation  angle  of  the  Earth 
around  its  axis.  This  effort  uses  a  combination  of  the 
JPL  GIPSY  software  and  additional  software 
developed  at  the  Observatory.  Determination  of 
polar  motion  by  analysis  of  GPS  orbits  began  on  a 
trial  basis  at  the  Observatory  in  late  1 994.  This  paper 
will  report  the  results  obtained  for  polar  motion 
parameters  and  give  the  results  of  an  experiment 
determining  UT1  from  length-of-day  values  found  in 
GPS  analysis. 

The  Observatory's  effort  to  determine  UT1  has 
further  led  to  determination  of  a  mean  rate  for  that 
part  of  the  motion  of  the  orbit  pole,  the  unit  vector 
normal  to  the  orbit,  coming  from  once-per-revolution 
terms  in  radiation  pressure  acceleration  with  the 
effect  of  varying  distance  from  the  sun  removed. 
This  additional  mean  rate  depends  on  the  position  of 
the  Sun  relative  to  the  orbit  plane,  and  that 
dependence  remains  nearly  the  same  from  year  to 
year.  We  have  thus  concluded  that  it  will  be  possible 
to  obtain  UT1,  between  calibrations  by  VLBI  every 
two  weeks,  with  an  rms  error  less  than  0.2 
millisecond. 


INTRODUCTION 

The  U.S.  Naval  Observatory  presently  determines 
Earth  orientation  from  its  observations  of  distant 
radio  sources  by  very  long  baseline  interferometry 
(VLBI),  also  including  in  this  determination  other 
sources  of  data.  In  recent  years,  as  reported  in  the 
International  Earth  Rotation  Service  (lERS)  Annual 
Report,  lERS  (1993),  the  Observatory  has  been 
able,  within  a  few  days,  to  provide  Earth  orientation 
values  with  rms  errors  of  1  milliarcsecond  for  polar 
motion  components  and  0.14  millisecond 
(corresponding  to  2.1  milliarcseconds)  for  UT1.  After 
a  few  weeks,  rms  errors  have  decreased  to  0.3 
milliarcseconds  for  polar  motion  components  and 
0.03  milliseconds  for  UT1 .  The  Observatory  would 
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like,  if  possible,  to  reduce  the  required  VLB! 
observing  time  while  maintaining  the  same  level  of 
accuracy. 

The  Observatory's  effort  to  analyze  GPS  satellite 
orbits  is  directed  toward  determining  polar  motion 
and  toward  achieving  the  desired  reduction  in  the 
VLBI  observing  time  required  to  determine  UT1. 

This  effort  has  used  the  GIPSY  software  developed 
at  JPL  (Webb  and  Zumberge(1 993) )  and  also 
software  developed  at  the  Observatory. 
Determination  of  polar  motion  by  analysis  of  GPS 
orbits  began  on  a  trial  basis  in  late  1 994  and  has 
approached  the  accuracy  desired  for  final  values  of 
polar  motion  components.  Our  values  of  polar 
motion  components  are  now  among  those  from 
which  are  calculated  the  results  reported  in  lERS 
Bulletin  A. 

A  one-hour-long  VLBI  observation  of  distant  radio 
sources  by  two  antennas  can  be  combined  with  polar 
motion  components  determined  from  anaiysis  of 
GPS  orbits  to  give  a  value  of  UT1 R  (UT 1  with  zonal 
tide  terms  of  period  up  to  35  days  removed)  having 
rms  error  under  0.03  millisecond.  We  have  recently 
propagated  UT1R,  by  integrating  length-of-day 
values  coming  from  analysis  of  GPS  orbits,  over  two 
weeks  with  an  rms  error  of  a  few  tenths  of  a 
millisecond. 

Another  way  to  determine  UT1 R  is  to  propagate  the 
orbit  pole— the  unit  vector  in  the  direction  of  the 
anguiar  momentum  vector-for  each  GPS  satellite 
and  then  obtain  UT1 R  from  the  comparison  between 
the  propagated  orbit  poles  and  those  determined 
relative  to  the  body  of  the  Earth  by  analysis  of  GPS 
orbits.  We  have  therefore  studied  how  well  one  can 
from  past  experience  predict  a  GPS  orbit  pole. 

Suppose  that  the  orbit  of  a  spacecraft  is  circular,  that 
one  can  ignore  the  effect  of  the  spacecraft's  varying 
distance  from  the  Sun,  that  the  Earth  may  be  treated 
as  a  uniformly  reflecting  sphere,  that  the  spacecraft's 
physical  properties  remain  constant,  and  that  the 
spacecraft's  configuration  and  attitude  depend  only 
on  the  relation  between  the  positions  of  the  Earth 
and  the  Sun  as  observed  from  it.  The  spacecraft's 
radiation  pressure  acceleration,  relative  to  the  orbit 
pole  and  the  Sun  direction,  will  then  depend  only  on 
the  angle  between  them  and  the  angle  around  the 
orbit  to  the  spacecraft  from  the  projection  of  the 
Sundirection.  If  thruster  firings  are  rare  and 
sufficiently  accurate  models  of  other  accelerations 
are  used  (the  gravity  model  used  in  our  study, 

JGM-2,  is  of  extremely  high  quality,  as  described  by 
Nerem  et  al.  (1 995)),  the  motion  of  the  spacecraft's 
orbit  pole  due  to  radiation  pressure  acceleration  can 
be  determined. 


Consider  a  hypothetical  satellite,  in  a  circular  orbit  in 
the  actuai  orbit  plane,  the  radius  of  the  hypothetical 
orbit  equal  to  the  actual  semimajor  axis.  The  actuai 
radiation  pressure,  given  as  a  function  of  angle  from 
ascending  node,  will  cause  a  motion  of  the  orbit  pole 
for  this  hypothetical  satellite.  We  will  call  the  mean 
rate  of  this  motion  the  additional  mean  rate 
of  orbit  pole  motion. 

Only  the  component  of  radiation  pressure 
acceleration  which  is  normal  to  the  orbit  plane  can 
affect  the  orbit  pole.  The  effect,  on  the  motion  of  the 
orbit  pole  of  the  hypothetical  orbit,  of  each  Fourier 
component  of  the  orbit-normal  acceleration  can  be 
found  from  Hill's  equations  of  relative  motion,  which 
are  discussed  by  Kaplan  (1976)  and  which  are 
closeiy  related  to  subjects  discussed  in  Szebeheiy 
(1967).  Terms  with  frequencies  other  than  once  per 
revolution  can  produce  oniy  periodic  motions  of  the 
hypothetical  orbit  pole.  A  once-per-revolution  term 
causes,  to  first  order  in  eccentricity,  the  same  effect 
on  the  actual  and  hypothetical  orbit  poles. 

We  call  the  mean  rate  of  the  motion  of  the  pole  of  the 
hypothetical  orbit  the  additional  mean  rate  because 
we  will  break  orbit  pole  motion  due  to  radiation 
pressure  acceleration  into  that  for  a  perfectly 
absorbing  sphere,  which  we  will  treat  exactly,  and 
that  due  to  an  additional  acceleration,  which  we  will 
treat  by  approximate  methods.  The  sphere's 
radiation  pressure  acceleration,  which  is  constant 
and  thus  has  no  effect  on  the  orbit  poie  of  the 
hypothetical  orbit,  will  be  removed  from  the  part  of 
the  orbit  pole  motion  which  we  will  study. 

We  will  determine  the  additional  mean  rate 
by  fitting  a  linear  function  of  time  to  the  angular 
momentum  change,  during  a  one-month  fitting 
interval,  arising  from  the  additional  acceleration. 

Fitting  a  linear  function  to  angular  momentum 
change  causes  errors  to  be  divided  by  the  fitting 
interval.  The  desired  part  of  the  angular  momentum 
change  will  be  determined  by  removing,  from  the 
angular  momentum  change,  that  part  not  desired. 

The  part  of  anguiar  momentum  change  to  be 
removed  is,  for  each  day,  that  from  the  beginning  to 
the  end  of  the  day  for  an  approximate  orbit  close  to 
the  actual  orbit  but  with  once-per-revolution  normal 
accelerations  set  to  zero.  From  angular  momentum 
values  for  these  approximate  orbits  are  also 
calculated  day-to-day  angular  momentum  changes 
for  the  additional  acceleration. 

In  this  paper,  the  fitted  angular  momentum  values  are 
those  at  a  particular  time  each  day.  A  more  accurate 
approach  would  fit  angular  momentum  values  for  the 
time  each  day  when  the  satellite  and  the  Sun  are  in 
the  same  half  plane  bounded  by  the  line  containing 
the  angular  momentum  direction  and  passing 
through  the  center  of  the  Earth.  A  further 
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improvement  would  be  to  determine  angular 
momentum  values  from  a  closer  approximation  to  the 
reported  orbit  than  the  one-day  approximation  just 
described. 

Determining  the  additional  mean  rate  is  most  closely 
related  to  the  work  of  Colombo(1989)  and  Beutler  et 
at.  (1994).  As  they  did,  we  paid  particular  attention  to 
once-per-revolution  accelerations  and  used  Hill's 
equations  of  relative  motion.  Like  Colombo,  we 
analyzed  accelerations  into  components  in  the  radial 
and  orbit-normal  directions  together  with  the 
direction  orthogonal  to  these:  the  GIPSY  software 
allows  specifying  accelerations  in  these  three 
directions.  Like  Beutier  et  a! .,  we  found  that 
accelerations  become  much  simpler  when  analyzed 
with  respect  to  directions  defined  using  the  Sun 
direction. 

Every  few  days  during  1 993  and  1 994,  and  for 
several  satellites,  we  determined  the  additional  mean 
rate.  The  largest  additional  mean  rate  determined 
was  approximately  2  milliarcseconds  per  day.  This 
corresponds  to  an  acceleration  of  approximately 

10'^^  kilometer/second^  ,  one  per  cent  of  the  total 
radiation  pressure  and  roughly  the  size  of  the  y-bias 
included  in  analyses  by  other  workers,  such  as 
Fliegelefa/.  (1992).  Our  description  of  orbit-normal 
accelerations  is  closer  to  what  is  actually  observed 


than  would  be  one  using  y-bias,  but  an  analysis  by 
Slabinski  (1995)  suggests  that  a  description  using 
y-bias  may  eventually  prove  more  compact. 

The  dependence  of  the  determined  additional  mean 
rate  on  the  position  of  the  Sun  relative  to  the  orbit 
plane  varies  little  from  year  to  year.  For  each  value  of 
the  angle  from  orbit  pole  to  Sun,  determined 
additional-mean-rate  values  are  similar  for  different 
GPS  satellites.  When  determined  additional-mean- 
rate  was  converted  to  a  once-per-revolution 
acceleration  normal  to  the  orbit  plane  and  equations 
of  motion  including  that  acceleration  were  solved, 
the  orbit  pole  was  accurately  propagated.  From  our 
results  we  have  concluded  that  the  use  of  past 
experience  to  predict  the  additional  mean  rate  will 
allow  determining  UT1 R  with  an  rms  error  less  than 
0.2  millisecond  for  a  two-week  period  between 
calibrations  with  VLBI  data. 


DAILY  GPS  ANALYSES 

Differences  between  values  for  the  polar  motion 
component  x  determined  by  analysis  at  U.S.  Naval 
Observatory  of  GPS  orbits  in  1995  and 
corresponding  U.S.  Naval  Observatory  final  values 
have  a  mean  of  -0.31  milliarcsecond.  These 
differences  have  an  rms  difference  from  their  mean 
of  0.52  milliarcsecond  and  are  shown  in  Figure  1 . 


Figure  1.  X  pole,  USNO  GPS  -  USNO  final 
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Differences  between  values  for  the  polar  motion  milliarcsecond.  Deviations  of  this  y  residual  from  the 

component  y,  beginning  with  January  1 , 1 995,  and  mean  have  an  rms  value  of  0.36  milliarcsecond  and 

Naval  Observatory  final  values  have  a  mean  of  0.29  are  shown  in  Figure  2. 


Figure  2.  Y  pole.  USNO  GPS  -  USNO  final 
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The  Observatory  has  used  GIPSY  since  13 
November,  1994  to  perform  daily  analyses  of  GPS 
observations  and,  thus,  to  determine  polar  motion. 

At  present,  a  set  of  42  globally  distributed  stations  is 
used.  The  observations  are  acquired  from  the 
Crustal  Dynamics  Data  Information  System  (CDDIS)  at 
Goddard  Space  Flight  Center  within  three  days  after 
they  are  made.  When  the  analysis  is  done,  35  to  40 
stations  will  typically  have  reported  observations. 

The  number  and  distribution  of  the  stations  has 
evolved  somewhat  since  the  analyses  began,  as 
have  the  methods  for  dealing  with  questionable 
data. 

We  desired  to  learn  how  well  length-of-day  values 
found  in  our  daily  analysis  of  GPS  orbits  could  be 
used  to  propagate  DTI  R  over  two  week  periods.  We 
chose  a  contiguous  sequence  of  two-week  periods 
beginning  on  January  1, 1995.  For  each  period, 
final  Naval  Observatory  UT1-UTC  values  for  six  days 
centered  at  the  beginning  of  the  period  were 
converted  to  UT1R-UTC;  starting  values  of 
UT1R-UTC  and  length  of  day  were  obtained 
numerically  from  these  UT 1 R-UTC  values.  To  the 
starting  length-of-day  value  and  to  length-of-day 
values  obtained  from  analysis  of  GPS  orbits  during 
the  following  two  weeks,  we  fitted  a  line,  all  values 


having  equal  weight.  Taking  length  of  day  from  the 
fitted  line,  and  beginning  with  the  starting  value  of 
UT  1  R-UTC,  gave  UT  1  R-UTC  during  the  two  weeks. 
These  propagated  values  of  UT  1  R-UTC  have  an  rms 
value  of  0.40  millisecond  and  are  shown  in  Figure  3. 


VERIFYING  THE  ADDITIONAL  MEAN  RATE 
OF  ORBIT  POLE  MOTION 

Recall  that  the  additional  mean  rate  is  the  mean  rate 
of  motion  of  the  orbit  pole,  the  unit  vector  in  the 
direction  of  the  angular  momentum,  caused  by  once- 
per-revolution  terms  in  the  radiation  pressure 
acceleration  with  the  effect  of  varying  distance  from 
the  Sun  removed.  We  desired  to  verify  the  values  of 
additional  mean  rate  shown  in  the  figures  below,  and 
thus  compared  the  orbits  reported  by  JPL  for  Space 
Vehicle  Number  (SVN)  15  during  several  one-month 
periods  in  1 994  to  nearby  orbits  propagated 
numerically.  The  position  and  velocity  of  SVN1 5 
were  reported  by  JPL  in  J2000  geocentric 
coordinates,  as  are  those  of  every  GPS  satellite,  at 
fifteen-minute  intervals.  At  those  times  we 
calculated  the  elevation  angle  which  the  reported 
position  made  with  the  instantaneous  plane  of  the 
propagated  orbit.  From  the  elevation  angle  values 
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Figure  3.  UT1R-UTC,  USNO  GPS  integrated  LODR  -  USNO  final 


a  UT1 R  value  has  been  estimated  for  each  day;  the 
error  in  the  estimated  UT1R  values  suggests  the 
quality  of  the  determined  additional  mean  rate. 

Propagated  orbits  were  produced  in  one-day 
sections,  beginning  and  ending  fifteen  minutes  after 
midnight  GPS  time,  by  the  orbit  integrator  OI 
contained  within  the  GIPSY  software  written  at  JPL. 
Position  and  velocity  values  at  the  end  of  integration 
over  each  day,  fifteen  minutes  after  midnight  GPS 
time,  were  used  as  initial  values  for  integration  over 
the  next.  The  initial  position  and  velocity  for  the  first 
day  of  each  propagated  orbit  were  obtained  by 
correcting  values  reported  by  JPL  for  error  in  the 
Earth  orientation  parameters  provided  with  them. 
Since  the  errors  in  polar  motion  components  were 
under  one  milliarcsecond,  only  errors  in  UT 1  were 
corrected.  Position  values  were  corrected  by 
rotating  them  around  the  celestial  pole  of  date, 
expressed  in  J2000  coordinates,  and  velocity  values 
were  corrected  the  same  way.  Position  and  velocity 
values,  reported  by  JPL,  to  which  such  a  correction 
has  been  applied  will  be  called  corrected  JPL  values. 

The  acceleration  model  for  the  propagated  orbit 
included  Earth  gravity  model  JGM-2  up  to  degree 
and  order  12,  the  gravity  of  all  solar  system  bodies, 
the  effects  of  general  relativity  and  of  pole,  solid- 
body,  and  ocean  tides,  and  an  empirical  radiation 
pressure.  The  orbit  integrator  OI  correctly  handled 


the  variation  in  the  intensity  of  sunlight  due  to  the 
satellite's  varying  distance  from  the  Sun.  We 
modelled  radiation  pressure  as  the  sum  of  the 
acceleration  for  a  perfectly  absorbing  spherical  ball 
and  an  additional  acceleration.  The  area/mass  ratio 
for  the  sphere  was  obtained  from  experience  with 
the  satellite:  its  value  depended  on  the  satellite  but 
not  on  the  day. 

The  additional  acceleration  had  two  components, 
one  in  the  transverse  direction-in  the  orbit  plane, 
perpendicular  to  the  radius,  and  pointing  forward- 
and  one  in  the  direction  normal  to  the  orbit  plane. 

The  comjjonent  in  the  transverse  direction  was  the 
sum  of  a  constant  term  and  constant  multiples  of  the 
cosine  and  sine  of  the  satellite's  angle  <j)  from 
ascending  node.  The  component  normal  to  the  orbit 
plane  was  the  sum  of  a  constant  and  constant 
multiples  of  cos<p ,  sin  (^ ,  cos  2^ ,  and  sin  2^ .  The 
once-per-revolution  terms  in  this  component  were 
obtained  by  interpolation  from  a  table  of  additional- 
mean-rate  values,  calculated  by  the  process  to  be 
described  in  the  next  section. 

Let  the  angular  momentum  of  the  propagated  orbit 
be  h,  propagated  radius  vector  be  r,  and  the  vector 
in  the  propagated  orbit  plane  which  produces  by 
cross  product  the  small  rotation  from  the  propagated 
to  the  reported  orbit  plane  be  co.  The  displacement 
from  the  propagated  radius  vector  to  the  nearest 
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vector  in  the  reported  orbit  plane  is,  to  first  order,  the 
cross  product  w  x  r.  The  elevation  angle  is  thus,  to 
the  same  accuracy, 

(h//7)«((BX  r)/r  =  (a*(rx  h)/rh  . 

The  vector  rotating  the  orbit  plane  would  be 
constant  if  the  propagated  orbit  correctly 
incorporated  the  entire  acceleration  of  the  satellite 
and  if  the  reported  positions  were  correct.  Although 
errors  in  the  position  of  the  Earth's  axis  reported  by 
JPL  are  negligible,  errors  in  the  reported  UT1R  are 
not.  Suppose  errors  in  the  reported  UT1 R 
correspond  to  a  rotation  by  9 ,  around  the  celestial 
pole  of  date,  from  the  correct  J2000  axes  to  the  axes 
with  respect  to  which  positions  are  reported.  Then 
reported  positions  are  rotated  by  an  angle  -6  in  the 
positive  sense  around  the  celestial  pole  of  date.  The 
plane-rotating  vector  co  thus  becomes 
cOq  -  0  P*,  where  is  the  ©  value-coming  from 
orbit  determination  error  and  orbit  propagation  error- 

for  a  correct  UT 1 R  and  P*  is  the  projection  on  the 
orbit  plane  of  the  unit  vector  P  toward  the  celestial 
pole  of  date.  The  elevation  becomes 
( -  0  P* )  •  (r  X  h)/rh  ;  this  may  be  expressed 

in  terms  of  the  satellite's  angle  ^  from  ascending 
node  and  the  unit  vectors  I  in  the  node  direction 
and  J  in  the  orbit  plane  and  a  quarter  revolution  away 
from  I  in  the  direction  of  satellite  motion: 

©Q»  I  sin^  -  (  ©^  -  0  P* )  •  J  cos<^  . 

For  each  one-day  span  starting  and  ending  fifteen 
minutes  after  midnight  GPS  time,  we  evaluated  at 
fifteen-minute  intervals  the  products  of  the  elevation 
angle  with  the  sine  and  the  cosine  of  the  satellite's 
angle  ^  from  ascending  node  and  then  integrated 
these  products  numerically  to  obtain  the  Fourier 

coefficients  ©q»  I  and  ( ©^  -  0  P* )  •  J.  We  next 

estimated  UT1 R  at  the  middle  of  the  day  by  ignoring 
the  small  rotation  vector  ©^ .  The  estimated  UT1 R 

started  each  one-month  period  within  0.05 
millisecond  of  the  final  UT1 R  obtained  by  the  Naval 
Observatory  and  remained  within  0.3  millisecond  of 
it,  suggesting  that  errors  in  the  measured  additional 
mean  rate  are  under  0.2  milliarcsecond  per  day. 


DETERMINING  THE  ADDITIONAL  MEAN 
RATE  OF  ORBIT  POLE  MOTION 

Seeking,  for  several  GPS  satellites,  values  of  the 
additional  mean  rate  of  orbit  pole  motion  during 
much  of  1993  and 1994,  we  first  constructed 
approximate  orbits  vaiid  for  one-month  periods. 
These  orbits  were  then  improved,  in  an  iterative 
process,  to  produce  one-day  approximations.  On 
nearly  all  days,  corrected  JPL  positions  differed  less 


than  one  meter  in  the  orbital  plane  and  thirty 
centimeters  normai  to  that  plane  from  those  given  by 
the  one-day  approximation.  A  position  error  of  this 
size  can  produce  an  error  of  at  most  0.2 
miiliarcsecond  per  day  in  the  mean  rate  of  orbit  pole 
motion  over  a  one-month  interval. 

Every  one-month  approximation  was  constructed 
with  01.  The  acceleration  model  was  that  used  above 
for  orbit  propagation,  but  with  radiation  pressure 
restricted  to  that  for  a  perfectly  absorbing  sphere 
plus  a  transverse  acceleration;  the  transverse 
acceleration  and  the  area/mass  ratio  for  the  sphere 
remained  constant  throughout  the  month.  The  initial 
position  was  a  corrected  JPL  position,  and  the  initial 
velocity  was  obtained  by  multipiying  the 
corresponding  corrected  JPL  velocity  value  by  a 
constant.  The  values  of  this  constant,  of  the 
area/mass  ratio,  and  of  the  transverse  acceleration 
were  adjusted  to  make  the  propagated  crossings  of 
the  J2000  equator  approximate  the  reported 
crossings  as  closeiy  as  possible  both  in  time  and  in 
radial  distance. 

For  every  one-month  approximation,  we 
decomposed  the  differences  between  corrected 
JPL  positions  and  corresponding  positions  from  the 
approximate  orbit  into  three  components.  One  was 
in  the  direction  normal  to  the  instantaneous  plane  of 
the  one-month  approximation,  one  was  in  the  radial 
outward  direction,  and  one  was  in  the  transverse 
direction.  The  radial  and  normal  components 
remained  under  fifty  meters,  and  the  transverse 
component  remained  under-usually  much  under¬ 
half  a  kilometer. 

At  all  stages  of  the  iterative  process,  each  of  the 
components  of  the  deviation  between  corrected 
JPL  positions  and  the  approximate  orbit  was 
represented  by  a  product  of  the  radial  distance  and  a 
function  of  the  angle  ^  from  ascending  node.  Each 
of  these  functions  was  the  sum  of  a  constant  and 

2 

constant  multiples  of  ^ ^  ,  cos^ ,  sin^ ,  ^  cos^ , 

^  sin^ ,  cos  2^ ,  and  sin  2<l> .  On  nearly  all  days, 
the  error  in  this  representation  was  at  each  stage 
only  a  few  centimeters.  This  representation  and  its 
derivative  gave  the  changes  in  initial  position  and 
veiocity  required  to  produce  the  approximate  orbit  at 
the  next  stage. 

The  acceleration  model  used  for  the  final  one-day 
approximation  was  identical  to  that  used  above  for 
the  propagated  orbit,  except  that  the  once-per- 
revolution  terms  in  the  additional  normal  acceleration 
were  for  this  approximate  orbit  set  to  zero.  Setting 
these  terms  to  zero  caused  the  angular  momentum 
change  from  beginning  to  end  of  day  for  the  actual 
orbit  to  differ  from  that  for  the  one-day  approximate 
orbit;  the  determined  additional  mean  rate  may  be 
viewed  as  an  average  of  these  differences.  For  the 
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final  one-day  approximation  to  the  motion  of  each 
GPS  satellite,  the  area/mass  ratio  of  the  perfectly 
absorbing  sphere  was  set  to  the  average  of  the 
area/mass  ratios  used  for  one-month  approximations 
to  that  satellite's  motion  in  1994.  The  constant  term 
in  the  transverse  acceleration,  the  once-per- 
revolution  terms  in  the  transverse  acceleration,  and 
the  constant  and  twice-per-revolution  terms  in  the 
normal  acceleration  were  obtained  by  solving  Hill's 
equations  to  remove  corresponding  terms  in  the 
transverse  and  normal  components  of  deviations 
from  corrected  JPL  positions. 


FIGURE  4.  SVN14:  ADDITIONAL  POLE  RATES 


In  an  operational  system  to  determine  UT1R,  the 
terms  in  the  additional  acceleration  would  be 
obtained  from  orbit  data  corrected  by  an  extrapolated 
UT1R.  An  error  in  extrapolated  length-of-day  would 
produce  errors  in  the  constant  and  twice-per- 
revolution  terms  in  the  normal  acceleration,  since 
GPS  orbits  are  not  circular,  but  these  errors  would 
contain  as  a  factor  the  orbit's  eccentricity-less  than 
0.02.  Errors  in  these  terms  would  In  turn  produce  an 
error  in  the  long  term  motion  of  the  orbit  pole, 
containing  a  further  factor  of  the  eccentricity. 


FIGURE  5.  SVN18:  ADDITIONAL  POLE  RATES 


We  were  now  at  last  able  to  obtain  values  of  the 
additional  mean  rate.  Centered  on  each  time  for 
which  we  desired  the  additional  mean  rate,  we 
defined  a  one-month  interval.  At  the  beginning  of 
each  day  in  this  interval,  we  calculated  the  difference 


between  the  angular  momentum  for  the  final  one- 
day  approximation  for  the  day  and  the  angular 
momentum  for  a  one-month  approximation  covering 
the  day.  We  subtracted  a  running,  day-by-day,  sum 
of  the  change  from  beginning  to  end  of  day  in  the 
difference  between  the  angular  momenta  for  the 
one-day  and  one-month  approximations.  We  then 
adjusted  the  resulting  differences  for  the  jump  at  the 
transition  between  one-month  approximations.  We 
found  the  least-squares  linear  approximation,  over 
the  one-month  interval,  to  the  adjusted  angular 
momentum  differences.  Thus  was  determined  the 
additional  mean  rate  at  the  middle  of  the  interval. 


FIGURE  6.  SVN13:  ADDITIONAL  POLE  RATES 
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CURVES  OF  THE  ADDITIONAL  MEAN 
RATE  OF  ORBIT  POLE  MOTION 


In  terms  of  the  position  of  the  Sun,  we  defined  two 
components  of  the  additional  mean  rate  of  orbit  pole 
motion,  that  along  the  projection  of  the  Sun 
direction  on  the  orbit  plane  for  the  middle  of  the 
fitting  interval  and  that  in  the  perpendicular  direction 
in  that  orbit  plane.  The  additional  mean  rate 
components  are  plotted,  as  functions  of  the  angle 
(expressed  in  degrees)  between  the  orbit  pole  and 
the  direction  toward  the  Sun,  in  Figures  4  to  7. 


FIGURE  7.  SVN15:  ADDITIONAL  POLE  RATES 
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Positive  and  negative  angles  between  the  orbit  poie 
and  the  Sun  are  physically  identical;  the  component 
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of  the  additional  mean  rate  toward  the  projection  of 
the  Sun's  direction  on  the  orbit  plane  is  plotted 
against  negative  values  of  the  angle.  The 
component  a  quarter  revolution  ahead--in  the 
direction  of  satellite  motion--of  the  projection  of  the 
Sun's  direction  is  plotted  against  positive  values  of 
the  angle.  The  vertical  axis  in  each  figure  gives  in 
milliarcseconds  per  day  the  mean  rate  of  the 
additional  motion  of  the  orbit  pole;  note  that  one 
milliarcsecond  per  day  corresponds  to  an  effect  in 
UT1 R  determination  of  approximately  one 
millisecond  per  two  weeks. 

Solid  lines  connect  additional-mean-rate  values  in 
1993,  and  dots  show  additional-mean-rate  values 
observed  in  1994  and  1995.  We  calculated  for 
SVN13,  SVN14,  SVN15,  and  SVN18  additional- 
mean-rate  values  every  five  days,  except  near  orbit 
changes,throughout  1994,  and  for  SVN13  and 
SVN15  we  continued  into  1995.  For  SVN13  we 
calculated  additional  mean  rate  every  five  days  in 
1993  except  during  a  gap  covering  two  weeks  on 
either  side  of  a  small  orbit  change  on  August  30, 
1993.  For  SVN14  we  calculated  additional  mean  rate 
every  five  days  in  1 993  except  for  two  gaps;  they  are 
centered  on  an  orbit  maneuver  which  occurred  in 
early  March,  1 993  and  some  smaller  orbit  change  on 
April  23, 1993.  For  SVN15  we  calculated  additional 
mean  rate  every  five  days  during  the  first  six  months 
of  1993;  during  these  months  there  is  one  gap, 
covering  the  month  centered  on  a  small  orbit  change 
on  April  20, 1993.  Finally,  for  SVN18  we  calculated 
additional  mean  rate  every  five  days  in  1 993  except 
for  a  gap  covering  two  weeks  on  either  side  of  an 
orbit  maneuver  in  early  March  1 993. 

Note  that  the  plots.  Figures  4  and  5,  for  SVN14  and 
SVN18  are  similar,  and  are  symmetrical  about  an 
orbit-pole-to-Sun  angle  of  ninety  degrees. 
Symmetrical  points  have  equal  separations  of  the 
Sun  from  the  orbit  plane.  For  both  satellites,  the 
additional-mean-rate  values  in  1993  and  1994  lie,  for 
any  given  value  of  the  angle  from  the  orbit  pole  to 
the  Sun,  within  a  band  of  width  less  than  0.5 
milliarcsecond  per  day.  In  these  plots,  particularly  in 
that  for  SVN18,  one  can  further  see  that  many  values 
of  the  angle  from  orbit  pole  to  Sun  appear  not  once 
but  twice  in  1993.  In  1994,  although  more  difficult  to 
see  because  the  plotted  points  are  not  connected, 
this  occurs  again.  The  plots  for  SVN13  and  SVN15 
are  made  more  complicated  by  changes  in  yaw  bias, 
but  also  show  small  scatter  for  the  additional  mean 
rate  at  each  value  of  the  angle  from  orbit  pole  to  Sun. 

There  appears  to  have  been  for  SVN13  a  rapid 
transition  from  one  type  of  behavior  to  another  when 
the  angle  from  the  orbit  pole  to  the  Sun  was 
approximately  120  degrees  in  late  May  1993.  We 
suggest  that  this  transition  was  associated  with  the 
one  change  in  yaw  bias  known  to  have  occurred  in 


1 993.  The  yaw  bias  for  SVN1 3  was  changed  by  half 
a  degree  in  the  same  direction  as  was  later  the  case 
for  SVN15  in  June,  1994.  The  solid  curve  giving 
1993  rates  after  the  transition  approximates  the 
points  giving  rates  in  1994  and  the  corresponding 
points  for  SVN15  shown  in  Figure  7. 

For  SVN15  there  was  one  change  in  yaw  bias:  half  a 
degree  on  June  6, 1994.  The  calculated  additional 
mean  rates,  since  they  were  obtained  by  fitting 
angular  momentum  over  a  one-month  interval, 
should  first  have  been  affected  about  May  20, 1994. 
The  angle  from  the  orbit  pole  to  the  Sun  was  then  60 
degrees  and  was  increasing.  For  orbit-pole-to-Sun 
angles  between  40  and  60  degrees,  the  additional 
mean  rate  was  determined  in  the  early  parts  of  1993, 

1994,  and  1995.  For  orbit-pole-to-Sun  angles  in 
this  range,  additional  mean  rates  for  1993  and  1994 
can  validly  be  compared;  their  values  are  similar  to 
those  found  for  SVN1 4  and  SVN1 8.  For  the  same 
range  of  orbit-pole-to-Sun  angles,  the  component  of 
the  additional  mean  rate  along  the  projection  of  the 
Sun  direction  was  significantly  higher  in  1995.  This 
component  approached  after  May  20,  1 994  the 
values  observed  in  early  1995.  The  rapid  change  in 
this  component  when  the  Sun  is  approximately 
ninety  degrees  from  the  orbit  pole  appears  also  in 
the  plot  for  SVN13,  and  may  be  a  result  of  the  yaw 
bias. 


IMPLICATIONS  FOR  DETERMINING  UT1 

We  propose  predicting  the  additional  mean  rate  by 
the  sum  of  one  of  its  recent  values  and  an  estimate 
of  its  change  from  past  experience.  For  the  desired 
reduction  in  the  amount  of  VLSI  observing,  the 
recent  value  will  be  three  weeks  old,  two  of  which  are 
half  the  four-week  interval  used  to  calculate  the 
recent  value  and  one  of  which  is  half  the  two-week 
interval  over  which  the  orbit  pole  motion  is 
propagated.  We  note  that  three  weeks  corresponds 
to  a  change  of  at  most  twenty  degrees  in  the  angle 
from  the  orbit  pole  to  the  Sun.  Using  the  additional 
mean  rate  in  1 993  to  predict  the  change,  we  find  the 
value  of  any  desired  component  of  the  determined 
additional  mean  rate  can  be  predicted  at  nearly  any 
time  in  1994  to  within  0.2  milliarcseconds  per  day- 
equivalent  to  0.2  milliseconds  in  two  weeks.  This 
prediction  accuracy  for  the  determined  additional 
mean  rate  suggests,  both  because  errors  for 
different  satellites  will  partly  cancel  and  because  rms 
error  includes  times  before  the  end  of  the  two 
weeks,  that  error  in  UT1  determination  coming  from 
error  in  additional  mean  rate  will  have  an  rms  error 
under  0.1  millisecond. 

While  our  analysis  has  not  included  all  errors  which 
would  occur  in  actual,  operational,  determinations  of 
UT1  from  GPS  analysis,  calibrated  once  in  two  weeks 
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with  VLBI  observations,  it  appears  unlikely  that  the 
rms  error  in  such  UT1  determinations  would  reach 
0.2  millisecond. 


ACKNOWLEDGEMENTS 

To  Dennis  McCarthy  and  Brian  Luzum  of  U.S.  Naval 
Observatory,  to  Henry  Fliegel  of  Aerospace 
Corporation,  and  especially  to  Victor  Slabinski  for 
many  useful  conversations.  To  Arvid  Myers  and 
Francine  Vannicola  of  U.S.  Naval  Observatory  for 
assistance  in  accessing  data.  To  the  group 
responsible  for  GIPSY  at  JPL  for  assistance  with 
software  and  data.  Not  to  us,  but  to  our  world  and  its 
Creator,  belongs  praise  for  what  beauty  is  in  this 
work. 


Jet  Propulsion  Laboratory,  Pasadena,  Calif.,  July, 
1993. 


REFERENCES 

Beutler,  G.,  E.  Brockmann,  W.  Gurtner,  U. 
Hugentobler,  L.  Mervart,  M.  Rothacher,  and 
A.  Verdun,  Extended  Orbit  Modeling  Techniques  at 
the  CODE  Processing  Center  of  the  International 
GPS  service  for  Geodynamics  (IGS):  Theory  and 
Initial  Results,  Manuscripta  Geodaetica,  1 9, 367- 
386,1994. 

Colombo,  The  Dynamics  of  Global  Positioning 
System  Orbits  and  the  Determination  of  Precise 
Ephemerides,  J.  Geophys.  Res.,  94  {B7)9167- 
9182,  1989. 

Fliegel,  H.F.,  T.E.  Gallini,  and  E.R.  Swift,  Global 
Positioning  System  Radiation  Force  Model  for 
Geodetic  Applications,  J.  Geophys.  Res.,  97 
(B1)559-568,  1992. 

International  Earth  Rotation  Service  (lERS),  1993 
lERS  Annual  Report,  Central  Bureau  of  lERS  - 
Observatoire  de  Paris,  1994. 

Kaplan,  M.H.,  Modem  Spacecraft  Dynamics  and 
Control ,  John  Wiley  &  Sons,  New  York,  1 976. 

Nerem,  R.S.,  C.  Jekeli,  and  W.M.Kaula,  Gravity  Field 
Determination  and  Characteristics:  Retrospective 
and  Prospective,  J.  Geophys.  Res. ,  100  (B8)15053- 
15074,  1995. 

Slabinski,  V.,  private  communication,  August  19, 
1995. 

Szebehely,  V.,  Theory  of  Orbits-The  Restricted 
Problem  of  Three  Bodies , 

Academic  Press,  New  York,  1967. 

Webb,  F.H.  and  J.F.  Zumberge,  eds. ,  An 
Introduction  to  GIPSY /  OASIS  II , 


81 


Programme  of  Research  of  CB  (Central  European  Initiative) 
Countries  in  Geodesy  and  Geodynamics 

Prof.  Dr.  Janusz  Sledzinski 
Warsaw  University  of  Technology 


BIOGRAPHY 

Janusz  Sledzinski  is  the  University  Professor  and 
Director  of  the  Institute  of  Geodesy  and  Geodetic 
Astronomy  of  the  Warsaw  University  of  Technology. 
He  is  a  member  of  the  American  Institute  of 
Navigation,  Alexandria,  VA,  the  British  Royal 
Institute  of  Navigation,  London,  UK,  the  American 
Geophysical  Union  and  the  New  York  Academy  of 
Sciences.  Member  of  the  Committee  of  Geodesy  and 
the  Committee  of  Space  Research  of  the  Polish 
Academy  of  Sciences.  UN  Expert  on  geodesy;  1976- 
1978  Team  Leader  and  Chief  Adviser  in  UNDP 
Project  in  Afghanistan.  He  is  the  Chairman  and 
International  Coordinator  of  the  CEI  (Central 
European  Initiative)  Section  C  "Geodesy”  and  co- 
chairman  of  the  CEI  Project  CERGOP.  Wide 
experience  in  theoretical  and  practical  aspects  of 
satellite  geodesy.  Author  and  co-author  of  about  250 
scientific  papers. 

ABSTRACT 

The  broad  programme  of  geodetic  projects  and 
geodynamic  research  initiated  by  CEI  (Central 
European  Initiative)  member  countries  is  outlined  in 
the  paper.  This  organisation  was  originally  founded  in 
1989  as  QUADRAGONALE  and  then  developed 
through  PENTAGONALE,  HEXAGONALE  to  the 
CEI  (CENTRAL  EUROPEAN  INITIATIVE). 


Nowadays  in  the  geodetic  programme  of  CEI  take 
part  15  countries  (10  member  countries  and  5  so 
called  associated  (consultative)  countries).  The 
programme  of  cooperation  of  the  Section  C 
"Geodesy"  includes  3  themes:  (a)  Interconnection  of 
geodetic  control  networks  in  Central  Europe,  (b) 
GIS/LIS  systems  as  a  data  base  of  the  GEOPAR 
(Geoenvironmental  problems  of  the  Circumpannonian 
and  adjacent  regions)  and  (c)  Geodynamic 
investigations  of  the  region.  The  GPS  EUREF 
campaigns  promoted  by  the  CEI  Section  C  with  the 
aim  to  connect  the  Central  and  Eastern  European 
countries  to  the  ITRF  geodetic  system  have  been 
performed  in  many  CEI  countries.  The  list  of  these 
actions  is  given  in  the  paper.  The  backgrounds  of  the 
scientific  programme  in  geodynamics  for  the  region 
of  Central  Europe  are  discussed.  Project  CEI 
CERGOP  (Central  Europe  Regional  Geodynamics 
Project)  was  approved  for  realisation  by  the  CEI 
member  countries  in  May  1993.  The  main  objectives 
of  the  Project  are:  to  integrate  the  geodynamic 
research  in  the  region  of  Central  Europe  based  on 
high  accuracy  space  geodetic  measurements  and  an 
integrated  geodynamic  network,  to  provide  a  precise 
geodetic  frame  CEGRN  (Central  European  GPS 
Reference  Network)  for  studies  of  geodynamics  of 
Central  European  area  (Pannonia  Basin,  Teisseyre- 
Tomquist  zone,  Carpathian  Orogenic  Belt,  Subalpine 
and  Bohemian  Region)  and  to  collect  observations  for 
studies  and  interpretation  of  geodynamic  interactions 
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in  Central  Europe.  The  following  countries  participate 
in  the  Project:  Austria,  Croatia,  the  Czech  Republic, 
Germany,  Hungary,  Italy,  Poland,  Romania,  Slovakia, 
Slovenia  and  Ukraine.  First  GPS  zero-epoch 
observation  campaign  of  the  CEGRN’94  was 
organised  from  May  2nd  to  May  6th,  1994.  The 
results  of  this  campaign  processed  by  four  CERGOP 
Processing  Centres  (Warsaw,  Graz,  Penc,  Pecny)  are 
already  available.  The  second  GPS  campaign  was 
performed  from  May  29th  to  June  3rd,  1995.  Project 
CERGOP  is  partially  financed  by  EU  as  a 
COPERNICUS  Project.  Other  geodynamic  projects 
related  to  CERGOP  (e.g.  EXTENDED  SAGET)  are 
also  outlined  in  the  paper.  Four  other  international 
campaigns  of  EXTENDED  SAGET  Project  were 
performed  in  1992,  1993,  1994  and  1995.  The  work 
of  eleven  scientific  CERGOP  study  groups  is  briefly 
mentioned.  Further  plan  of  action  of  the  CEI  Section 
C  is  also  mentioned  in  the  paper. 

1.  CENTRAL  EUROPEAN  INITIATIVE  AS  THE 
ORGANISATION  OF  THE  INTERNATIONAL 
COOPERATION 

In  November  1989  the  Foreign  Ministers  of  Austria, 
Hungary,  Italy  and  Yugoslavia  at  the  conference  in 
Budapest  founded  an  organisation  named 
QUADRAGONALE.  A  few  months  later,  in  April 
1990  (Vienna)  former  Czechoslovakia  joined  this 
organisation  forming  the  PENTAGONALE  and  in 
July  1991  at  the  conference  of  Prime  Ministers  in 
Dubrovnik  Poland  was  admitted  creating  the 
HEXAGONALE.  In  July  1992  the  HEXAGONALE 
was  renamed  as  Central  European  Initiative.  Violent 
political  development  in  Europe,  break-up  and  civil 
war  in  Yugoslavia,  disintegration  of  Czechoslovakia, 
formation  of  new  countries  in  the  region  of  Eastern 
and  Southern  Europe,  all  these  events  caused 
considerable  changes  in  organisation  and  international 
cooperation  within  the  Central  European  Initiative.  In 
the  meantime  Yugoslavia’s  CEI  membership  was 
suspended  (November  1991),  Croatia,  Slovenia  and 
Bosnia  &  Herzegovina  (July  1992)  and  Czech 
Republic  and  Slovakia  (March  1993),  Macedonia 
(July  1993)  were  admitted  as  full  members  of  the 
CEI.  Growing  international  prestige  of  the  CEI  in  the 
last  few  years  is  marked  by  the  fact  that  new 
countries  express  their  interest  and  willingness  to 
cooperate  in  the  frame  of  the  CEI  working  groups. 
These  countries  are:  Belarus,  Bulgaria,  Romania, 
Ukraine  (associated  countries  since  March  1994)  and 
Albania  (since  July  1994).  Bavaria  and  Germany  also 
cooperate  closely  with  CEI. 


The  current  (1.01.1995)  status  of  the  CEI  membership 
is  the  following: 

CEI  member  countries  are:  Austria,  Bosnia  & 
Herzegovina,  Croatia,  Czech  Republic,  Hungary,  Italy, 
Macedonia,  Poland,  Slovakia,  Slovenia. 

The  following  countries  are  members  of  the  Council 
of  Association  of  the  Central  European  Initiative 
(associated,  consultative  countries):  Albania,  Belarus, 
Bulgaria,  Romania,  Ukraine. 

The  main  objectives  of  the  CEI  cooperation  are  to 
strengthen  the  stabilisation  within  the  region  of 
Central  Europe,  to  promote  all-European  integration 
processes  and  to  help  the  Central  and  Eastern 
European  countries  in  entering  the  integrated  world  by 
adjusting  their  multi-lateral  relations  to  Western 
European  standards. 

The  Central  European  Initiative  is  a  loose  grouping  of 
states  with  no  legal  status.  It  was  agreed  that  a 
Summit  (Heads  of  Governments  and  Foreign 
Ministers)  would  be  held  once  a  year  in  October  and 
a  meeting  of  Foreign  Ministers  of  the  member  and 
associated  countries  would  be  organised  every  year  in 
April.  Working  Groups  constitute  the  basic  structural 
component  of  the  CEI.  They  plan  and  approve 
initiatives,  agreements  and  projects  which  they 
promote  and  complete  in  cases  requiring  financing,  or 
which  they  pass  to  the  National  Coordinators  or 
Foreign  Ministries  for  approval  and  financing.  There 
are  sixteen  CEI  Working  Groups  at  the  moment: 

1  .Environment,  2.  Transport,  3.  Small  and  medium 
size  enterprises,  4.  Media,  5.  Telecommunications,  6. 
Culture,  education,  youth  exchange,  6.  Science  and 
technology,  8.  Migration,  9.  Energy,  10.  Disaster 
relief,  11.  Tourism,  12.  Statistics,  13.  Agriculture, 
14.Civil  defense,  15.  Minorities,  16.  Experts  on 
vocational  training,  ad-hoc 

The  Earth  sciences  and,  in  particular  geodesy,  are 
represented  in  the  Working  Group  No  7  "Science  and 
Technology."  This  Working  Group  was  set  up  in 
June  1990  with  the  aim  of 

*  identifying  areas  where  regional  technological 
cooperation  can  be  developed  on  a  mutual  benefit 
basis, 

*  identifying  projects  of  mutual  benefit  and 
orienting  them  towards  a  Central  European 
perspective, 

*  fostering  cooperation  among  universities,  research 
centres  and  institutions  of  the  Central  European 
region  in  the  field  of  science,  technology  and 
applied  research, 
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*  promoting  the  training  and  the  mobility  of  CEI 
scientists  and  creating  new  research  opportunities 
for  human  resources  of  Central  European  region, 

*  promoting  participation  of  CEI  scientists  in 
international  research  programmes, 

*  encouraging  projects  which  can  contribute  to  the 
development  of  innovative  technologies  and 
modernisation  of  small  and  medium-size 
enterprises. 

The  programme  of  the  Working  Group  on  Science 
and  Technology  includes  presently  nine  endorsed 
scientific  and  technological  projects  (committees): 

1.  Centres  of  Excellence  Physics  of  Matter,  2, 
Technology  Transfer  Centre,  3.  Earth  Science,  4. 
Experimental  Mechanics,  5.  Meteorology,  6, 
Astronomy  and  Astrophysics,  7.  Space,  8.  Industrial 
Technologies  and  Automation,  9.  Parallel  Computing. 

The  work  of  the  Committee  for  Earth  Science  is 
divided  into  three  sections: 

*  Section  A:  "Geology" 

*  Section  B:  "Geophysics" 

*  Section  C:  "Geodesy" 

2.  GEODETIC  RESEARCH  PROGRAMME  OF 
THE  CEI  SECTION  C  "GEODESY  * 

The  CEI  Section  C  "Geodesy"  scientific  programme 
includes  three  themes: 

Theme  No.  1:  Interconnection  of  geodetic  control 
networks  (horizontal,  levelling, 
gravimetric); 

Theme  No.2:  Geographic  and  Land  Information 
Systems.  Data  quality  in  geographic 
information  system  and  cadastre; 
Theme  No.3:  Geodynamic  investigations. 

It  is  worth  mentioning  that  a  significant  progress  and 
great  achievements  in  the  international  cooperation  of 
CEI  countries  are  to  be  pointed  out  in  themes  1  and 

3. 

In  the  theme  1.  the  following  main  significant 
achievements  can  be  noted: 

*  extension  of  the  EUREF  to  many  CEI  member 
and  associated  countries.  The  EUREF  GPS 
campaigns  were  performed  so  far  in  Austria,  Italy, 
Hungary,  Czech  Republic,  Slovakia,  Poland, 
Bulgaria,  Romania,  Slovenia,  Croatia; 

*  establishment  of  national  GPS  reference  networks 
in  the  countries  of  Central  and  Eastern  Europe; 
such  networks  were  established  in  Austria,  Italy, 
Poland,  Hungary,  Czech  Republic,  Slovakia, 


Croatia,  Slovenia; 

*  Programme  of  establishment  of  at  least  one 
permanent  GPS  station  in  CEI  countries.  At 
present  13  permanent  stations  are  operating  in  CEI 
countries,  other  10  stations  are  planned  in  1995- 
1996 

*  establishment  of  the  absolute  gravity  networks  in 
some  CEI  countries  (Austria,  Italy,  Poland) 

*  repeated  measurements  of  precise  levelling 
networks  and  interconnection  of  gravity  and 
levelling  networks  of  some  member  countries. 

3,  GPS  EUREF  CAMPAIGNS  IN  CENTRAL  AND 
EASTERN  EUROPE 

The  interconnection  of  horizontal  control  networks  of 
CEI  countries  is  recognised  in  the  programme  of 
activities  of  the  Section  C  "Geodesy"  as  one  of  the 
main  tasks.  The  best  way  to  fulfil  this  task  is  the 
cooperation  with  the  lAG  Subcommission  EUREF.  It 
is  stressed  in  several  Section  C  resolutions  that  the 
national  geodetic  services  of  CEI  countries  should 
intensify  and  finish  the  interconnection  of  geodetic 
control  networks  as  soon  as  possible  within  the 
actions  of  EUREF  organised  by  the  Institut  fiir 
Angewandte  Geodesic,  Frankfurt  am  Main,  Germany. 
This  cooperation  is  gratefully  acknowledged  by  all 
involved  CEI  countries.  It  is  also  recommended  that 
transformation  parameters  from  the  ETRF’89  to  the 
national  coordinate  systems  used  in  particular 
countries  and  vice  versa  should  be  available  as  soon 
as  possible  for  each  CEI  country.  The  EUREF  GPS 
campaigns  were  performed  so  far  in  the  following 
CEI  countries:  Austria,  Italy,  Hungary,  Czech 
Republic,  Slovakia,  Poland,  Bulgaria,  Romania, 
Slovenia,  Croatia. 

4.  CEI  SCIENTIFIC  PROGRAMME  IN  GEODY¬ 
NAMICS 

4.1.  BACKGROUNDS  OF  THE  GEODYNAMIC 
INVESTIGATIONS  IN  CENTRAL  EUROPE 

The  area  of  Central  Europe  has  a  particular  position 
from  the  point  of  view  of  geotectonics.  This  results 
from  the  fact  that  three  geological  units  of  various 
ages  contact  on  the  territory  of  Central  Europe:  East 
European  Precambrian  Platform,  Palaeozoic  Platform 
of  the  Central  and  Eastern  Europe  and  South 
European  Alpine  Orogeny.  The  Teisseyre-Tomquist’s 
zone  separating  two  above  mentioned  Platforms  is  of 
prime  importance  for  the  regional  geodynamics  of 
Central  Europe. 
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Another  region  in  Central  Europe  which  should  be 
carefully  investigated  is  the  Carpathian  Orogeny  and 
its  profound  geotectonic  features.  Splendid  Carpathian 
mountains  ridge  forms  gigantic  arc,  open  to  the  south, 
about  1500  km  long  and  200-300  km  wide.  This 
relatively  young  formation  was  created  as  a 
consequence  of  the  collision  between  the  African  and 
the  European  plates.  This  process  is  continuing  in 
present  days  and  is  affecting  the  tectonic  regime  over 
areas  extending  into  Austria,  Bohemia,  Slovakia, 
Poland,  Ukraine  and  Romania.  The  Carpathian  Basin 
which  includes  Hungary  tectonically  belongs  to  the 
Eurasian  plate  and  is  considered  as  relatively  quiet, 
although  in  the  last  years  several  earthquakes  were 
observed  also  in  this  region.  The  dynamic  processes 
in  eastern  Alps  and  the  Carpathians  are  accompanied 
by  seismicity  which  is  propagated  along  the  faults 
which  form  a  deep  seated  zone  characterized  by 
gravity  anomalies.  Geotectonic  activity  has  a  slow, 
long  term  character  related  to  tectonic  processes  but 
also  abrupt  episodic  changes  take  place  as  results  of 
seismic  stress  release.  Detailed  geological  studies 
revealed  a  rather  complicated  microplate  structure 
and  the  associated  fault  system  in  this  area.  All  this 
can  be  genetically  related  to  tectonic  processes  in  the 
Mediterranean  and  the  Alpine-Adria  region.  Geology 
of  the  region  is  well  studied  and  also  some 
measurements  of  the  crustal  motions  were  performed. 
However,  so  far  rather  classical  terrestrial  geodesy 
was  applied,  precise  levelling  first  of  all.  Nowadays, 
the  GPS  technique  allows  us  to  make  completely  new 
approach  to  the  problem  of  the  study  of  crustal 
deformation  over  hundreds  and  thousands  of 
kilometers. 

Considering  the  key  position  of  the  territory  of  this 
region  for  the  tectonic  of  Europe,  the  geodynamical 
investigations  in  this  zone  are  of  extra-regional 
importance.  In  particular,  the  geodynamic  research  in 
the  region  of  the  Teisseyre-Tomquist  zone  which 
separates  two  major  European  tectonic  platforms 
offers  an  essential  and  considerable  contribution  to  all 
geodynamical  projects  in  this  region.  Also 
investigations  of  the  geodynamic  interactions  in  the 
Carpathian  Orogenic  Belt,  Pannonia  Basin  and  the 
Bohemian  Subalpine  Region  may  contribute  to  better 
knowledge  of  geodynamics  of  Central  Europe. 

It  can  be  noted  that  all  these  regions,  interesting  from 
geological  point  of  view,  just  coincide  generally  with 
the  territory  of  countries  of  the  Central  Europe 
Initiative  (former  HEXAGONAL  group  countries). 
Therefore  proposals  to  join  efforts  to  undertake  the 
investigations  and  studies,  properly  organized  and 


coordinated  seem  to  be  of  great  value  for  the  CEI 
Section  C  "Geodesy"  and  can  constitute  one  of  the 
main  items  of  activities  of  this  Section. 

4.2.  CONCISE  OUTLINE  OF  THE  PROJECT 
CERGOP.  OBJECTIVES  OF  THE  PROJECT 

Project  CERGOP  (CENTRAL  EUROPE  REGIONAL 
GEODYNAMICS  PROJECT)  was  initiated  in  1993 
by  the  scientists  from  FOMI  Satellite  Geodetic 
Observatory  Penc  (Hungary),  the  Institute  of  Geodesy 
and  Geodetic  Astronomy  of  the  Warsaw  University  of 
Technology  and  the  Space  Research  Centre  of  the 
Polish  Academy  of  Sciences.  It  was  approved  for 
realisation  by  the  CEI  (Central  European  Initiative) 
member  countries  in  May  1993  in  Ksiqz  Castle, 
Poland.  Eleven  countries  participate  in  the  CERGOP 
Project.:  Austria,  Croatia,  Czech  Republic,  Germany, 
Hungary,  Italy,  Poland,  Romania,  Slovakia,  Slovenia, 
Ukraine. 

The  main  objectives  of  the  Project  are  the  following: 

*  to  integrate  the  geodynamic  research  in  the 
region  of  Central  Europe  based  on  high  accuracy 
space  geodetic  surveys  and  an  integrated 
geodynamic  network; 

*  to  foster  the  international  cooperation  among 
research  groups  of  participating  countries; 

*  to  provide  a  precise  geodetic  frame  -  so  called 
Central  European  GPS  Reference  Network 
(CEGRN)  -  for 

**  studies  on  geodynamics  of  Central  European 
areas  of 

-  Pannonia  Basin, 

-  Teisseyre-Tomquist  Zone, 

-  Carpathian  Orogenic  Belt, 

-  Subalpine  and  Bohemian  Region; 

**  connection  of  local  geodynamic  networks 
established  on  the  territory  of  participating 
countries; 

V 

*  to  collect  satellite  observations  for  studies  and 
interpretation  of  geodynamic  interactions  in 
Central  Europe. 

The  main  coordinating  body  of  the  Project  is  the 
International  Project  Working  Group  (IPWG)  headed 
by  the  Project  Chairman  Dr.  Istvan  Fejes  (Hungary) 
and  the  Project  Co-Chairman  Prof.  Dr.  Janusz 
Sledzihski  (Poland). 

The  IPWG  is  responsible  for: 

*  scientific  progress  and  scientific  level  of  the  Project, 

*  administrative  management. 
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Each  participating  country  delegates  to  the  IPWG  one 
representative,  the  National  Investigator  (N.L);  the 
tasks  of  National  Investigators  are: 

*  organisation  and  supervision  of  observation 
campaigns  within  their  respective  countries, 

*  supervision  of  the  activities  of  data  and  processing 
centres, 

*  contribution  to  the  work  of  CERGOP  study  groups, 

*  liaison  with  other  overlapping  projects, 

*  dissemination  of  information  and  maintenance  of 
contacts  with  potentially  interested  groups  or 
institutions  within  their  particular  countries. 

It  was  agreed  that  the  conferences  of  the  International 
Project  Working  Group  (IPWG)  would  be  organised 
twice  a  year  to  discuss  the  progress  and  programmes 
of  scientific  research  within  the  Project.  The  First 
Working  Conference  was  held  on  17-18  February 
1994  in  Warsaw  (Poland)  and  was  followed  by  the 
Second  Conference  organised  on  4-5  November  1994 
in  Penc/Budapest  (Hungary).  The  third  Conference 
was  organised  on  8  May  1995  in  Penc  (Hungary). 
Next  Conferences:  6-7  November  1995  in  Warsaw 
(Poland),  spring  1996  in  Graz  (Austria),  fall  1996  in 
Udine  (Italy). 

Project  CERGOP  was  submitted  to  the  EC  Office  in 
Brussels  with  the  request  for  the  financial  support 
within  the  research  programme  COPERNICUS ’94.  As 
the  Project  Coordinator  serves  the  Institut  fiir 
Angewandte  Geodasie  Frankfurt,  FRG. 

4.3  STUDY  GROUPS 

Eleven  study  groups  were  formed  by  the  Second 
CERGOP  Working  Conference  held  in  Penc/Budapest 
on  4-5  November  1994  to  carry  out  research  in 
particular  fields.  They  are: 

CSG  1.  Investigation  of  tropospheric  delays. 

Chairman:  P.Pesec  (Austria) 

CSG  2.  CERGOP  site  quality  monitoring.  Chairman: 

I. Busics  (Hungary) 

CSG  3.  CERGOP  reference  frame.  Chairman: 

J. Rogowski  (Poland) 

CSG  4,  Standardisation  of  data  and  processing 
centres.  Chairman:  G.Stangl  (Austria) 

CSG  5.  Permanent  and  epoch  GPS  CERGOP 
stations.  Chairman:  J.Sledzihski  (Poland) 
CSG  6.  CEGRN  and  precise  levelling.  Chairman: 
J.Simek  (Czech  Republic) 

CSG  7.  CERGOP  gravity  network.  Chairman: 
M.Barlik  (Poland) 

CSG  8.  Geotectonic  analysis  of  the  region  of  Central 
Europe.  Chairman:  P.VyskoCil  (Czech  Rep.) 


CSG  9.  Geoid  in  Central  Europe.  (Chairman  will  be 
elected  at  the  next  meeting) 

CSG  10.  Monitoring  of  recent  crustal  movements  in 
Eastern  Alps  with  GPS.  Chairman:  Cl.  Mar- 
chesini  (Italy) 

CSG  1 1 .  Threedimensional  plate  kinematics  in 
Romania.  Chairman:  D.GhitSu  (Romania). 

4.4  REALISATION  OF  THE  CENTRAL  EURO¬ 
PEAN  GPS  REFERENCE  NETWORK  (CEGRN) 

Establishment  of  a  Central  European  Regional  GPS 
Reference  Network  (CEGRN)  was  proposed  as  the 
first  action  within  this  Project.  This  Project,  however, 
is  not  limited  itself  only  to  establishment  of  the 
geodetic  frame  necessary  for  geodynamic  studies. 
Investigation  of  wide  spectrum  of  geotectonic 
phenomena  will  be  the  core  of  the  Project.  The  aim  of 
this  study  is  to  establish  the  model  of  the  geodynamic 
processes  of  this  region,  to  determine  horizontal  and 
vertical  motion  of  the  crust,  stress  and  strain  fields 
and  to  have  the  possibility  to  monitor  episodic 
deformation  caused  by  earthquakes. 

The  CEGRN  design  concept  and  the  standards  for  the 
first  zero-epoch  GPS  observation  campaign  were 
developed  in  1993  and  finally  approved  by  the  First 
CERGOP  Working  Conference  held  in  Warsaw  on 
17-18  February  1994.  The  design  required  that  the 
sites  and  monumentations  of  the  CEGRN  stations 
would  satisfy  optimal  conditions  for  GPS  observations 
as  well  as  identify  and  fulfil  the  geodynamical  needs. 
For  technical  reasons  the  number  of  sites  of  the 
CEGRN  was  limited  to  about  30.  It  was  also  decided 
that  Graz  Lustbiihel  Computing  Centre  (Austria) 
would  serve  as  the  CERGOP  Data  Centre.  There  are 
four  CERGOP  Processing  Centres  which  will  process 
the  observations  of  the  CEGRN  campaigns.  These 
centres  are:  IGS  Centre  Graz  (Austria),  IGS 
Evaluation  Centre  IG&GA  Warsaw  (Poland),  FOMI 
SGO  Penc  (Hungary)  and  VUGTK  Pecny  (Czech 
Rep.). 

The  participants  of  the  First  Working  Conference  in 
Warsaw  decided  that  the  first  GPS  zero-epoch 
observation  campaign  of  the  CEGRN’ 94  would  be 
organised  from  May  2nd  to  May  6th,  1994.  The 
campaign  was  carried  out  successfully.  Unfortunately 
four  Romanian  sites  and  some  other  stations  were  not 
able  to  participate  in  the  campaign.  First  results  of 
processing  were  presented  by  the  CERGOP  Pro¬ 
cessing  Centres.  The  next  CEGRN ’95  campaign  was 
organised  from  29  May  to  3  June  1995.  Now  the  Pro¬ 
cessing  Centres  collect  the  GPS  data  of  this  campaign. 
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Fig.  1.  Stations  of  the  CEGRN 


4.5  THE  OVERLAP  BETWEEN  OTHER  INTER¬ 
NATIONAL  PROJECTS 

There  are  some  geodynamic  projects  running  in 
Europe  that  indicate  or  may  indicate  some 
interferences  with  the  CERGOP,  These  projects  are: 
WEGENER,  EXTENDED  SAGET,  BALTIC  SEA 
LEVEL  PROJECT,  EUROPROBE,  EUREF,  IGS. 

As  an  example  of  the  interference  of  two  overlapping 
projects  we  can  mention  the  CERGOP  and 
EXTENDED  SAGET  which  was  initiated  by  the 
Institute  of  Geodesy  and  Geodetic  Astronomy  of  the 
Warsaw  University  of  Technology  in  1991  as  an 
extension  of  the  Project  SAGET  launched  at  this 
Institute  in  1986. 

There  is  a  significant  coincidence  of  scientific  aims  of 
both  projects.  However,  there  are  also  some  very 
essential  differences.  The  EXTENDED  SAGET 
network  covers  much  more  extended  area  and  an 
unlimited  number  of  points  can  be  incorporated  to  this 
network.  This  gives  an  excellent  opportunity  to  all 
participating  institutions  to  connect  new  established 
points  to  the  ITRF  coordinate  system.  The  evaluation 
of  these  points,  their  geodetic  and  geodynamic 
assessment  depending  mainly  on  the  type  and  stability 
of  point  monumentation,  is  the  responsibility  of 
involving  institution  and  agencies. 

The  CERGOP  campaigns  are  envisaged  to  be 
organised  in  the  next  three  years;  EXTENDED 


SAGET  campaigns  are  thought  as  long-term  action 
and  will  be  performed  at  least  in  the  whole  of  current 
decade.  Table  below  summarizes  all  main  aspects  of 
both  projects  under  consideration  and  outlines  their 
similarities  and  differences. 

The  following  conclusions  may  be  pointed  out  when 
comparing  both  projects:: 

•  The  same  standards  of  GPS  observations  are 
observed  in  both  CEGRN  and  EXTENDED 
SAGET  campaigns., 

•  EXTENDED  SAGET  network  includes  stations  of 
Scandinavia  and  Mediterranean  Region.  CEGRN 
is  limited  only  to  CEI  countries;  only  some 
regions  of  Ukraine,  Rumania  and  Germany, 
interesting  from  tectonic  point  of  view,  are 
included, 

•  EXTENDED  SAGET  campaigns  give  the 
possibility  to  connect  to  ITRF  system  new  points 
that  may  be  currently  needed, 

•  Both  networks  (projects)  can  coexist.  Campaigns 
of  both  projects  may  supplement  each  other. 

4.6  ABSOLUTE  GRAVITY  TRAVERSE  FROM 
BALTIC  SEA  TO  ADRIATIC  AND  BLACK  SEA 

There  is  a  concept  to  launch  a  new  research 
programme  concerning  absolute  gravity  measurements 
and  monitoring  of  the  mean  sea  level  in  Central 
Europe.  The  main  goal  of  the  project  is  to  support  the 
established  CEGRN  network  by  a  gravimetric  network 
of  absolute  points  located  in  selected  CEGRN  stations 
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Comparison  of  EXTENDED  SAGET  and  CEGRN 


EXTENDED  SAGET 

CEGRN 

Area 

countries  from  Scandinavia 
to  Mediterranean  Region 

CEI  countries 

Number  of  points 

unlimited 

limited  to  about  30 

Stations 

no  any  restriction  in  station 
distribution;  any  new  station  is 
accepted 

only  accepted  stations 

Campaigns 

1992,  September  7-11 

1993,  August  2-6 

1994,  May  2-6 

1995,  May  29  -  June  3 

1994,  May  2-6,  zero-epoch 

1995,  May  29  -  June  3 

Duration  of  campaigns 

5  days 

5  days 

Responsible  processing 
centre(s) 

IG&GA  WUT 

IG&GA  WUT  (PL) 

SGO  FOMI  PENC  (H) 

GRAZ  (A) 

VUGTK  (CZ) 

Software  used 

BERNESE 

BERNESE 

Fig.2.  Stations  of  the  EXTENDED  SAGET’93  Fig-3.  Stations  of  the  EXTENDED  SAGET’94/CEGRN’94 
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and  moreover  joining  also  some  tide  gauges  of  the 
Baltic  Sea,  Adriatic  and  Black  Sea.  In  this  way  these 
points  will  form  a  gravimetric  absolute  traverse 
between  Baltic  Sea  and  Adriatic  with  the  connection 
to  the  Black  Sea.  The  scientific  background  and 
objective  of  the  proposal  is  to  establish  a  gravimetric 
precise  frame  for  (1)  interplate  vertical  monitoring  of 
Central  European  regions  (Alpine  Orogeny,  Pannonia 
Basin,  Carpathian  Belt,  Teisseyre-Tomquist  Zone, 
Dinarian  Alps),  and  (2)  investigation  of  global  change 
(GLOSS)  and  monitoring  of  the  mean  sea  level 
change  between  Baltic  Sea,  Adriatic  and  Black  Sea. 

It  is  thought  that  the  traverse  would  be  measured  at 
least  three  times  within  the  next  three  years.  It  is 
assumed  that  in  the  campaign  will  take  part  5  absolute 
gravity  meters  from  the  University  of  Trieste/Italy, 
Bundesamt  fEuV  Vienna/ Austria,  IfAG  Frankfurt/ 
Germany,  IG&GA  WUT  Warsaw/Poland  and  Finnish 
Geodetic  Institute  Helsinki/Finland.  It  is  envisaged 
that  for  practical  reasons  the  number  of  points  of  the 
gravimetric  traverse  should  be  limited  to  about  16-18. 
The  special  Steering  Committee  of  the  project  has 
been  established.  The  work  will  begin  next  year. 
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Abstract 

In  December  1993  a  consortium  of  Mobil  and 
Texaco  was  awarded  exploration  and  production 
rights  for  the  Kirin  block,  offshore  northeast  Sakhalin 
Island  In  the  Russian  Far  East  Territories.  Existing 
seismic  data  was  positioned  by  various  radio 
navigation  systems,  whose  base  station  / 
transponders  had  been  located  by  TRANSIT 
receivers  operated  in  the  point  positioning  mode. 


A  static  mode  GPS  survey  was  conducted  to  verify 
the  existing  ad  hoc  network,  and  tie  this  network  to  a 
global  system  by  post-  processing  with  tracking  data 
from  the  International  GPS  Service  for 
Geodynamics  (IGS).  With  these  confirmations,  the 
consortium  believed  it  would  be  possible  to  better 
estimate  the  accuracy  of  the  existing  seismic  data 
locations  and  establish  absolute  control  positioning 
for  future  work. 

The  GPS  field  work,  based  out  of  Nogliki,  was 
conducted  by  ROMONA  in  July  1994  and  the  initial 
in-field  processing  was  also  performed  there  for  QC 
purposes  before  demobilising.  Subsequently,  beta 
release  Trimble  software  (GPSurvey  v1.98), 
licenced  by  Geodetic  Technology  Company,  was 
loaded  on  a  laptop  PC  and  the  long  baseline 
processing,  to  effect  the  ties  to  three  IGS  stations, 
was  performed  in  Moscow.  The  Canadian  Energy 
and  Mineral  Resources  program  SPARC  (now 
called  GEOPACE)  was  used  to  compute  absolute 
point  positions  to  confirm  the  GPSurvey 
processing. 

Results  exceeded  expectations.  Estimated  accuracy 
between  the  Sakhalin  network  and  the  three  IGS 
stations  are  +/-  6cm  horizontal  and  +/-  15cm  (1 
sigma)  in  the  vertical.  Differences  between  IGS  ties 
and  SPARC  positions  were  at  the  sub-metre  level. 
PC  based  off-the-shelf  software  capable  of  taking 
advantage  of  IGS  data  allows  GPS  surveying  to 
achieve  cost  effective  ties  to  a  global  geodetic 
network  at  a  speed  that  minimises  the  impact  on 
overall  project  cycle  time.  The  power  of  this  new 
utility  requires  that  client  companies  select 
contractors  with  the  proper  training  and  experience 
and  also  that  software  developers  recognise  the 
necessity  for  extensive  quality  control  of  both  the 
data  and  operators’  inputs. 
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Introduction 

Mobil  Russia  Ventures  Inc.,  Moscow,  Russia  and 
ROMONA  Ltd.,  Yuzhno,  Sakhalinsk  Region,  Russia 
(hereafter  referred  to  as  Mobil  and  ROMONA) 
established  an  eleven  point  control  network  on  the 
northeast  coastline  of  Sakhalin  Island  during  the  last 
two  weeks  of  July,  1 994.  Preliminary  absolute  WGS 
84  position  and  orientation  were  obtained  through 
occupation  of  the  control  point  Nysh  (NYSH).  In 
August  1994,  ROMONA  Ltd.  indirectly  tied  NYSH  to 
a  DORIS  station  located  approximately  500km 
southeast  using  dual  frequency  GPS  receivers.  The 
DORIS  station  coordinates  used  by  ROMONA  Ltd. 
were  estimated  to  be  within  +/-  20cm  of  their  tme 
WGS  absolute  horizontal  position.  Mobil  requested 
Geodetic  Technology  to  formally  tie  the  observed 
network  to  the  International  Terrestrial  Reference 
System,  1992  (ITRF  92)  using  GPS  data  collected 
by  at  least  two  International  Geodynamic  System 
(IGS)  stations  and  precise  satellite  orbit  information. 
Four  IGS  stations,  located  in  Usuda,  Japan, 
Tsukuba,  Japan,  Taipei,  Taiwan,  and  Fairbanks, 
Alaska  respectively,  were  chosen  as  the  points  to 
which  control  point  NYSH  would  be  tied  (See  Figure 
4).  Due  to  restrictions  on  exporting  classified  data 
from  Russia,  all  processing  involving  data  collected 
on  Sakhalin  had  to  be  completed  in  country  .The 
initial  processing  and  adjustment  was  performed  in 
Yuzhno-Sakhalinsk  and  the  final  long  baseline 
processing  was  performed  in  Moscow. 

Background  &  History 

Sakhalin  Island  is  located  in  the  Russian  Far  East 
Territories  and  is  washed  by  the  Sea  of  Okhotsk  on 
the  north  and  east  and  the  Tatar  &  Lapems  Straits 
on  the  west  and  south.  One  of  the  larger  Russian 
islands,  Sakhalin  has  a  population  of  only  six- 
hundred  thousand  and  is  rich  in  natural  resources 
such  as  oil  &  gas,  coal,  forest  and  fish  with  famous 
red  caviar. 

For  many  years  SakhalinMomeftegas  (Russian  Oil 
company)  has  produced  oil  onshore  northern 
Sakhalin  .  Formerly,  the  government  of  the  Soviet 
Union  and  subsequently  the  Russian  Government 
financed  the  exploration  surveys  offshore  north-east 
Sakhalin.  During  this  time  Russian  companies  such 
as  Far  East  Marine  Company  (FEMCO), 
Dalmomeftegeofizika  (DMNG)  and  Far  East  Marine 
Geological  Expedition  (DMIGE),  carried  out  2D 
seismic,  investigation  and  site  surveys  and  also 
drilled  many  wells.  The  results  indicate  great 
potential  for  hydrocarbon  resources  offshore 


Sakhalin  in  the  Sea  of  Okhotsk.  A  challenge  is  that 
during  wintertime  the  sea  around  Sakhalin  Island  is 
covered  with  ice  which  limits  exploration  activities  to 
the  summer  period  from  June  to  October.  Large 
deposits  have  been  discovered  offshore  north-east 
Sakhalin  ,  such  as  Piltun-Astokhskoye,  Kirinskoye, 
Lunskoye,  Chaivo.  For  future  development  of  these 
oil  &  gas  fields  the  Russian  Government  has  invited 
bids  from  foreign  companies  such  as  Mobil,  Exxon, 
Texaco,  Marathon,  McDermott,  Mitsui,  Shell, 
amongst  others. 

Historically,  radio  navigation  systems  were  used, 
e.g.  Syledis  (French)  and  Poisk  (Russian).  Typically 
the  base  station  coordinates  were  determined  by 
TRANSIT  receivers  operated  in  the  point  positioning 
mode,  although  some  were  defined  using  geodetic 
control  points  in  the  Russian  State  coordinate 
system  (SCS). 

GPS  technology  started  to  be  used  in  marine 
surveys  in  1990.  In  1991  Russian  Marine  Positioning 
&  Survey  Company,  Yuzhno-Sakhalinsk, 

(ROMONA)  carried  out  relative  GPS  measurements 
using  WM-102  receivers.  The  pre-existing  control 
point  at  the  ROMONA’s  office  in  Yuzhno- 
Sakhalinsk,  named  Corpus,  was  chosen  as 
reference  point.  Corpus  was  set  using  a  JMR-4A 
receiver  with  not  less  than  50  TRANSIT  satellite 
passes.  Some  geodetic  control  points  on  the  north¬ 
east  coast  were  then  chosen  for  future  use  as  base 
stations  for  radio  navigation  systems.  Using 
Magnavox’s  PoPS  software  the  coordinates  for 
these  stations  were  defined  and  tied  to  the  local 
network  in  World  Geodetic  System  1984  (WGS-84). 
The  result  of  this  historical  activity  was  that  the 
north-east  Sakhalin  sites  in  many  cases  had 
multiple  coordinate  sets,  determined  over  the  years 
since  offshore  activity  started  in  1976. 

In  December  1993  a  consortium  of  Mobil  and 
Texaco  was  awarded  exploration  and  production 
rights  for  the  Kirin  Block  (see  Figure.1).  The 
consortium  desired  to  establish  or  redefine  the 
existing  geodetic  control  points  on  the  north-east 
coast  to  remove  doubt  and  confusion  before  any 
further  exploration  activity  commenced. 

ROMONA  was  awarded  a  contract  by  Mobil  to 
conduct  a  static  mode  GPS  survey  to  verify  the 
existing  local  geodetic  network  on  the  north-east 
coast  and  to  tie  this  network  to  a  global  system. 
ROMONA  supplied  the  experienced  technical 
personnel  and  equipment,  and  their  survey  team 
was  responsible  for  the  GPS  field  work  and  initial  in¬ 
field  and  post-processing.  Aviation  support  was 
provided  by  a  Mi-8-MTV  helicopter  chartered  from 
the  Aerolift  Company. 
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The  Field  Work 

The  survey  objective  was  to  determine  the  co¬ 
ordinates  of  geodetic  controi  points  using  three  duai 
frequency  Trimbie  4000SSE  GPS  receivers. 
Originally,  it  was  planned  to  perform  the 
observations  on  13  (thirteen)  points. 

Checks  of  the  Trimble  4000SSE  GPS  receivers 
were  performed  on  short  (50  meters)  and  iong 
(2000-4000  meters)  baseiines  before  the  beginning 
of  the  field  work. 

A  one  day  helicopter  reconnaissance  was  conducted 
prior  to  commencement  of  any  GPS  data  coiiection. 
The  purpose  of  this  reconnaissance  was  to  verify 
and  recover  the  points  as  weli  as  determine  safe 
access,  in  fact,  two  points  were  not  recovered,  one 
had  washed  away  and  the  other  couid  not  be  found. 
Trimble  FlightMate  handheld  GPS  receivers  were  of 
great  assistance.  The  navigation  of  the  helicopter 
was  aided  by  a  Garmin  GPS  receiver  instaiied  in  the 
cockpit.  Due  to  the  absence  of  the  point  in  the  Nysh 
area,  formerly  defined  by  TRANSIT  satellite 
methods,  a  new  site  was  set  there. 

The  base  of  operations  was  Nogiiki.  Field  operations 
were  performed  from  1 5  July  to  25  July  1 994. 

Geodetic  Control  Point 

Dual  frequency  carrier-phase  GPS  observations  of 
approximateiy  50  hours  were  recorded  at  Nysh. 
These  data  were  subsequentiy  processed  using 
precise  GPS  ephemerides  with  GPS  observation  at 
the  International  GPS  Service  for  Geodynamics 
(iGS)  stations.  (See  below).  Uninterrupted  GPS 
observations  at  Nysh  were  made  from  0:57  AM  17 
July  till  2:1 9  AM  1 9  July  1 994  (UTC  time). 

Static  GPS  Survey 

The  static  GPS  survey  was  conducted  using  three 
dual  frequency  Trimble  4000SSE  receivers.  GPS 
observations  were  performed  simultaneously  at 
three  geodetic  points  (triangles)  according  to  Fig.  2 
For  Nysh-Katangli-Figoumoye  and  Nysh-Figoumoye 
-Komrovo  triangles  (fundamental  control  point) 
sessions  were  a  minimum  of  four  hours  each  for 
Komrovo-Figoumoye-Delil  and  Nysh-Komrovo-Delil 
triangles  sessions  were  of  three  and  a  half  hours 
each  and  on  the  remaining  geodetic  points  the 
observation  sessions  were  of  at  least  two  hours 
duration.  For  control  of  field  measurements  GPS 
observations  were  performed  on  the  Katangli-Nabil- 
Proliv  Dautu,  Figoumoye-Vatung-Centralnaya  and 
Nysh-Komrovo-Delil  triangles. 

For  all  sessions,  an  HF/SSB  transceiver  was 
installed  at  each  site  occupied  for  efficient 


coordination  of  sessions  as  well  as  safety.  Adequate 
camping  and  survival  gear  was  deployed  at  each 
site  as  weather  dictated. 

All  receivers  collected  data  at  15  second  intervals 
for  all  sessions.  Measurements  of  temperature, 
atmospheric  pressure  and  percentage  humidity  were 
made  at  all  points  and  recorded  hourly  directly  into 
the  receiver  and  the  field  book.  The  antenna  height 
measurement  was  performed  both  before  and  after 
each  session  and  similarly  recorded. 

The  raw  data  from  all  three  GPS  receivers,  was 
downloaded  daily  to  the  computer  and  to  floppy 
disk  and  checked  for  quality.  Each  evening,  this 
data  was  postprocessed  to  resolve  the  relative 
baseline  vector  between  the  GPS  points  using 
Trimble’s  GPSurvey™  vl.01  software.  For  QC 
purposes,  all  such  computations  were  completed 
before  the  final  demobilisation  of  the  ROMONA 
team  from  Nogiiki  to  ROMONA’s  main  base  in 
Yuzhno-Sakhalinsk. 

Provisional  Network  Solution  Adjustment 

On  completion  of  all  the  fieldwork,  baseline  solution 
and  network  adjustment  were  performed  in 
ROMONA’s  office  in  Yuzhno-Sakhalinsk.  Trimble’s 
GPSurvey™  v1 .01  software  was  used  for  all 
calculations  of  various  baselines  vectors  and 
network  adjustments.  Geometric  relative  positioning 
accuracy  (HOR  Prec)  of  all  the  measured  baselines 
was  better  than  1  : 1 00000,  and  the  HOR  Prec.  of 
the  baselines  between  fundamental  control  points 
was  better  than  1:1000000. 

GPS  Measurements  from  DORIS  Station 

For  comparison  with  the  future  ITRF-92  coordinates, 
GPS  observations  were  made  on  5  and  13  August 
1 994  incorporating  the  DORIS  reference  point 
located  near  Yuzhno-Sakhalinsk.  The  DORIS 
antenna  reference  point  co-ordinates  were  defined 
in  1992  by  the  Geodetic  and  Levelling  Service  of 
National  Geography  Institute  (IGN/SGN)  of  France 
in  the  Frame  of  Geodynamic  Research  International 
Programme.  The  DORIS  station  is  located  near 
Yuzhno-Sakhalinsk  in  the  south  of  Sakhalin  Island, 
approximately  500  km  south-east  of  the  existing 
GPS  Network.  The  scheme  of  these  observations  is 
shown  in  Figure  3.  Session  lengths  were  1 .5  hours 
for  DORIS-ROMONA-Corpus  and  5  hours  for 
ROMONA-Nysh-Nabil  triangles. 

An  additional  network  adjustment  was  based  on  the 
DORIS  station  as  reference  point. 
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Geodetic  Survey  Division.  Data  is  computed  using 
all  available  IGS  station  information  and  is  uploaded 
approximately  3-7  days  post-mission.  Accuracies  of 
the  15  minute  epoch  precise  orbital  information  and 
precise  SV  clock  corrections  are  at  the  20  cm  level 
and  agree  with  WGS  84  at  0.2  ppm  [Kouba  et.  al.]. 
The  four  IGS  stations  selected  to  use  as  ITRF  92 
reference  points  for  the  project  were  FAIR,  located 
in  Fairbanks,  Alaska;  USUD,  located  in  Usuda, 
Japan;  TSKB,  located  in  Tsukuba,  Japan;  and 
TAIW,  located  in  Taipei,  Taiwan  (See  Figure  4).  All 
IGS  stations  used  in  the  project  are  equipped  with 
Alien  Osborne  Rogue  SNR-8000  Receivers  using 
Dome  Margolin  R  Antennas.  The  SNR-8000 
measures  C/A  code,  P  Code,  LI  and  L2,  and 
obtains  the  P  Code  from  cross-correlation 
techniques  if  A/S  is  implemented  [IGS 
Documentation,  1994].  Data  observation  intervals 
at  each  IGS  station  are  30  seconds.  GPS 
observation  data  in  the  Receiver  Independent 
Exchange  (RINEX)  format  for  the  three  eastern 
stations  were  obtained  from  Scripps  Institute  of 
Oceanography  (SIO),  and  for  FAIR  from  the  Jet 
Propulsion  Laboratory  (JPL).  Both  SIO  ad  JPL 
sources  are  accessible  via  anonymous  ftp. 

Current  (as  of  January  10, 1994)  ITRF  92  precise 
Cartesian  coordinate  estimates  were  downloaded 
from  SIO’s  facilities.  Unfortunately,  Geodetic 
Technology  Company  was  unable  to  obtain  reliable 
estimates  for  the  IGS  point  TSKB.  However,  since 
precise  Cartesian  coordinate  values  were  listed  for 
the  three  remaining  points,  it  was  determined  that 
the  missing  tie  to  TSKB  would  not  adversely  affect 
the  solution. 


Long  Baseline  Postprocessing 

IGS  Station  Observation  and  Precise  Orbit  Data 
Acquisition 

Prior  to  beginning  work  in  Moscow, 

Mobil  informed  Geodetic  Technology 
Company  of  the  data  collection  periods 
observed  at  NYSH  during  the  field 
survey.  Data  observation  times  for 
NYSH  and  two  additional  stations, 

Figoumoye  (FIGO)  and  Komrovo 
(KOMR)  are  listed  in  Table  1. 


IGS  station  GPS  measurements  and 
precise  orbital  information  corresponding 
to  these  observation  periods  were  ITRF  92  geographic  and  Cartesian  coordinates  for 

obtained  through  computers  accessible  through  the  the  three  points  used  for  the  project  are  listed  in 

Internet.  Table  2. 

Precise  GPS  satellite  (SV)  orbits  were  downloaded 
from  Canadian  Energy  and  Mineral  Resources 


Table  1  -  Data  Observation  Times  for  Points  in  Mobii/ROMONA  Network 


Point 

Day 

EsnnsBi 

iMiiiml 

NYSH 

July  17-19,1994 

00:57 

02:19 

49  h  16  m 

FIGO 

01:00 

07:00 

04  h  00  m 

FIGO 

July  19, 1994 

03:00 

07:00 

04  h  00  m 

KOMR 

July  19. 1994 

03:00 

07:00 

04  h  00  m 

KOMR 

Mllll'IiTgM 

04:26 

08:00 

03  h  34  m 

NYSH 

July  21, 1994 

04:26 

08:00 

03  h  34  m 
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Table  2  -  ITRF  92  Values  for  Project  IGS  Control  Points 


Name 

Latitude/X 

Longitude/Y 

Ellipsoidal  Height/Z 

USUD 

36°  07'59.2037"  N 
-3741020.511  m 

138°  21' 43.3542"  E 
3427432.566  m 

1508.696  m 
3741020.511  m 

TAIW 

25°  or  16.7981"  N 
-3024781.775  m 

121°  32' 11.5388"  E 
4928936.927  m 

44.007  m 
2681234.588  m 

FAIR 

64°  58' 40.81 12"  N 
-2281621.220 

147°  29' 57.2521"  E 
-1453595.760  m 

318.987  m 
5756961.990  m 

Processing  Software 

Two  software  packages  were  used  to  determine  the 
precise  ITRF  92  estimates  of  the  points  in  the 
Mobil/ROMONA  control  point  network.  The  first, 
Trimble’s  GPSurvey  v1 .98,  was  used  as  the  primary 
method  to  determine  the  baseline  lengths  between 
the  IGS  stations  and  the  selected  local  network 
points.  At  the  time  of  processing,  GPSurvey  v1 .98 
was  available  only  to  beta  site  companies.  The 
current  version,  2.0,  with  all  the  features  listed 
below,  is  now  available  to  the  public.  The  baseline 
processing  package  has  been  modified  from  version 
1 .20  by  adding  the  capability  to  use  multiple 
reference  SVs  throughout  a  single  observation  set 
and  process  up  to  24  hours  of  continuous  data.  The 
option  to  use  precise  SV  orbit  files  in  the  EF18 
binary  format  is  also  available  and  was  selected 
throughout  the  processing. 

The  second  package  providing  confirmation  of  the 
GPSurvey  results  was  the  SPARC  single  point 
positioning  program  developed  by  Canadian 
Geodetic  Survey  Division.  SPARC  accepts  GPS 
observations  files  in  either  RINEX  or  Rogue  format, 
and  SP3  formatted  precise  SV  orbits  to  compute 
absolute  position  estimates  at  epochs  coincident 
with  the  precise  satellite  ephemeris  file.  These 
values  are  then  averaged  over  the  data  collection 
interval  to  estimate  a  final  3-D  position.  If  precise 
satellite  clock  data  are  used  at  each  estimation 
epoch,  achievable  accuracies  will  approach  the  sub¬ 
meter  level,  given  sufficient  data  samples,  low 
receiver  noise,  and  minimal  multipath  effects. 
Geodetic  Survey  provides  orbit  files  with  precise 
clock  data  at  15  minute  epochs.  Precise  SV  clock 
files  calculated  by  Geodetic  Survey  are  only  valid 
for  points  within  Canada  and  so  were  not  used  in  the 
confirmation.  L3  pseudorange  positions  were 
calculated  by  SPARC  at  15  minute  intervals  to 
avoid  the  effects  of  selective  availability  (SA). 


Preliminary  Processing 

Prior  to  departing  for  Moscow,  data  obtained  from 
the  IGS  stations  for  July  17  (Day  198)  and  Jul^18 
(Day  199)  were  proc^sed  by  both  GPSurvey  and 
SPARC.  GPSurvey  baselines  results  agreed  with 
published  IGS  values  at  the  0.05  ppm  level  and 
SPARC  results  were  within  +/-1.5m  (Ict)  in  all  three 
components.  Geodetic  Technology  Company 
performed  the  pre-processing  to  help  ensure  that 
work  in  Moscow  would  proceed  smoothly  and  to 
verify  agreement  between  the  Trimble  and  Geodetic 
Survey  software. 

IGS  Baseline  Ties  and  Adjustment 

NYSH  was  connected  to  all  three  IGS  stations  on 
days  198  and  199.  Baseline  comparisons  between 
days  198  and  199  agreed  to  within  5  cm  horizontal 
and  15  cm  vertical.  Points  KOMR  and  FIGO  were 
used  as  secondary  tie  points  and  connected  only  to 
stations  USUD  and  TAIW  on  days  198,  200,  and 
202  (insufficient  data  was  available  to  compute  the 
~5500  km  baseline  to  FAIR).  Furthermore, 
baselines  between  FIGO,  NYSH  and  KOMR  on  day 
200  were  reprocessed  using  precise  ephemeris  data 
to  provide  strength  in  the  Mobil/ROMONA-IGS 
network  solution.  Figure  5  shows  the  baselines 
processed.  Standard  meteorological  values  (20°C, 
lOOOmb,  50%  humidity)  were  input  into  the 
processing  software  due  to  the  long  time  span  of 
each  session. 

Following  determination  of  the  baseline 
measurements,  the  network  was  adjusted  using 
TrimNet  to  estimate  final  ITRF  92  values  for  point 
NYSH,  FIGO,  and  KOMR.  The  three  IGS  stations 
were  held  fixed  and  height  and  centering  errors 
were  estimated  to  be  5mm  each.  Adjusted  baseline 
accuracies  are  listed  in  Table  3. 

PPM  values  between  the  fixed  points  are  not  listed. 
The  baseline  accuracies  translate  to  errors  between 
+/-  0.02cm  and  +/-  0.06cm  (Ict).  The  highest  ppm 
value,  1.912,  is  for  baseline  FIGO-KOMR, 
expectedly  the  shortest  baseline  in  the  network. 


99 


September  1994 


standard  deviations  for  the  estimated  points  range 
from  0.03m  to  0.06m  in  the  horizontal  components, 
and  from  0.10m  to  0.13m  in  the  vertical.  Vertical 
accuracies  are  larger  than  horizontal  reflecting  the 
poorer  SV  geometry  in  determining  the  vertical 
component  and  limitations  of  the  processing 
software.  However,  these  accuracies  are  within  the 
+/-0.50m  absolute  position  error  required  by  Mobil 
and  have  improved  upon  the  previous  WGS  84 
estimates.  The  adjusted  ITRF  92  values  for  point 
NYSH  were  compared  with  the  previous  coordinate 
estimates  and  found  to  differ  1 .99m  in  horizontal 
magnitude  and  1 .58m  in  height.  These  previous 
values  were  determined  by  ROMONA  using 
differential  GPS  (L1/L2)  and  indirectly  measuring  to 
a  DORIS  station  approximately  500km  to  the 
southeast. 

Confirmation  with  SPARC  v2.1  Processing 

To  confirm  the  results  of  the  IGS  baseline  ties  and 
network  adjustment,  SPARC  was  used  to  determine 
estimates  of  points  NYSH,  FIGO,  and  KOMR  for  the 
four  hour  sessions  collected  from  1 :00  am  to  5:00 
am  UTC  on  day  200.  Results  from  this  confirmation 
are  presented  in  Table  4  as  well  as  differences  in 
latitude,  longitude  and  ellipsoidal  height  from  the 
IGS-tie/ITRF  92  estimates. 


Table  4- SPARC  v2.f 

Differences  between  ITRF  92  Positions 


Name 

5(p  m 

8X  m 

5h  m 

NYSH 

-0.07 

0.14 

0.36 

FIGO 

0.19 

0.06 

0.19 

KOMR 

-0.65 

-0.09 

1.63 

Agreements  are  at  the  sub-meter  level  except  for 
the  height  component  at  point  KOMR.  SPARC  will 
estimate  positions  only  at  epochs  receiving  data 
from  at  least  4  satellites  both  tracked  by  the  receiver 
and  listed  in  the  precise  SV  orbit/clock  correction 
file.  Station  KOMR  experienced  a  large  number  of 
cycle  slips  (and  therefore  loss  of  measurement  data) 
and  only  6  epochs  were  used  to  obtain  a  position. 
This  accounts  for  the  larger  differences  in  the 
vertical  component. 


Comparative  Results 

After  the  post-processing  in  Yuzhno-Sakhalinsk  the 
GPS  network  was  defined  in  WGS-84  based  upon 
the  DORIS  position.  Subsequent  to  post-processing 
of  the  long  baseline  data  in  Moscow  and  the 
derivation  of  ITRF-92  coordinates  a  second  network 
was  defined.The  differences  between  ITRF-92  and 
DORIS  co-ordinates  for  all  GPS  points  are  listed  in 
Table  5. 


Table  5  -  Differences  between  ITRF-92  &  DORIS 

coordinates. 


Name 

Sq>  sec/m 

Sk  sec/m 

5h  m 

CENT 

-0.027038 

-0.836 

-0.047553 

-0.920 

1.602 

DAUT 

-0.027757 

-0.858 

-0.0472 

-0.908 

1.549 

DELI 

-0.025360 

-0.784 

-0.048786 

-0.955 

1.743 

DUNA 

-0.027291 

-0.843 

-0.047503 

-0.916 

1.583 

FIGO 

-0.027033 

-0.835 

-0.047384 

-0.917 

1.597 

KATA 

-0.028054 

-0.867 

-0.046656 

-0.896 

1.528 

KOMR 

-0.026347 

-0.814 

-0.049291 

-0.959 

1.682 

KOSA 

-0.027446 

-0.848 

-0.047431 

-0.914 

1.573 

NABI 

-0.028025 

-0.866 

-0.046954 

-0.901 

1.524 

NYSH 

-0.027391  ^ 

-0.846 

-0.045495 

-0.878 

1.580 

VATU 

-0.027028 

-0.835 

-0.047104 

-0.911 

1.600 

As  previously  mentioned  the  positions  of  several  of 
the  points  were  determined  by  different  survey 
methods  over  the  yearsyears.  The  new  ITRF-92  co¬ 
ordinates  were  then  compared  with  the  existing  co¬ 
ordinates.  The  differences  between  the  ITRF-92  and 
previous  co-ordinates  for  all  GPS  points  are  listed  in 
Tables  6  and  Table  7. 
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Table  6  -  Differences  between  ITRF~92  & 

TRANSIT  coordinates. 


Name 

Sq  sec/m 

5X  sec/m 

5h  m 

Katangli 

-0.053 

-1.65 

-0.185 

-3.55 

-6.07 

Figoumoye 

-0.013 

-0.40 

-0.01 

-0.19 

-3.32 

Delil 

-0.074 

-2.29 

0.009 

0.16 

2.01 

Vatung 

0.079 

2.43 

-0.046 

-0.90 

-1.56 

Conclusions  and  Recommendations 

Points  NYSH,  FIGO  and  KOMR  were  successfully 
tied  to  ITRF  92  at  the  sub  50cm  level,  satisfying  the 
accuracy  requirements  specified  by  Mobil. 
GeodeticTechnology  Compaq  verified  that 
Trimble’s  revised  GPSurvey  v1 .98  package 
reliably  computes  long  baselines  (>1 000km)  to 
accuracies  of  +/-  6cm  horizontally  and  +/-  15cm 
vertically  using  precise  SV  ephemeris  data.  Final 
ITRF  positions  were  independently  confirmed  using 
the  EMR  software  SPARC  v2.1 ,  which  computes 
single  point  position  estimates  using  pseudorange 
observations  corrected  with  the  L3  observable, 
precise  SV  positions,  and  most  importantly  precise 
SV  clock  corrections.  These  two  methods  used  to 
determine  ITRF  92  positions  are  different  algorithms 
(differential  vs.  single  point)  but  are  correlated 
through  the  use  of  identical  SV  orbit  files. 
Nevertheless,  agreement  between  the  two  strongly 
indicates  that  the  final  ITRF  92 IGS  station- 
referenced  positions  are  both  accurate  and  reliable. 
Improvements  on  the  position  estimates  for  NYSH, 
FAIR,  and  KOMR  could  be  attained  by  using 
software  that  simultaneously  computes  SV  orbit 
parameters  along  with  the  estimates  for  the  new 
unknown  points.  Software  capable  of  this  is 
currently  available  only  on  UNIX  based  systems  and 
is  impractical  for  use  under  the  processing  location 
restrictions  required  by  Mobil.  All  long  baseline  ties 
to  the  IGS  stations  and  single  point  position 
estimates  were  processed  at  Mobil’s  office  in 
Moscow  on  an  Intel-based  486DX2  40MHz  notebook 
computer.  Additional  IGS  station  ties  could  be 
added  to  increase  the  precision  and  accuracies  of 
the  three  estimated  Mobil/ROMONA  positions  but 
viable  choices  for  this  region  are  currently  limited. 
However,  even  without  these  additional 


Table  7  -  Differences  between  ITRF-92  &  GPS  1991 
coordinates. 


Name 

5(p  sec/m 

Sk  sec/m 

8hm 

Katangli 

0.156 

4.82 

-0.083 

-1.60 

1.36 

Figoumoye 

0.174 

5.39 

-0.174 

-3.37 

0.76 

Proliv  Dautu 

0.165 

5.09 

-0.126 

-2.43 

1.07 

Duna-Podkova 

0.173 

5.32 

-0.125 

-2.42 

0.68 

improvements.  Geodetic  Technology  Company 
demonstrated  that  precise  absolute  ITRF  92 
positions  can  be  generated  in-field  post-mission  at 
accuracies  less  than  +/-  20cm  in  all  three  axes. 

Future  recommendations  include  investigating  the 
effects  of  using  measured  versus  standard 
meteorological  values  at  stations  separated  by  large 
distances  (and  with  long  data  sets),  increasing 
observation  times  for  multiple  stations  in  the 
observed  network  (as  opposed  to  one  station  with  48 
hours  of  data  and  2  with  4  hours),  and  using 
software  capable  of  computing  improved  SV  orbit 
parameter  estimates.  It  is  expected  that  these 
modifications  would  yield  results  that  would  not 
improve  the  accuracies  of  the  absolute  ITRF  92 
estimates  at  a  level  significant  for  applications  used 
in  the  petroleum  exploration  industry. 

The  overall  results  show  that  the  historic  radio 
navigation  station  sites  were  within  aceptable 
tolerances  and  therefore  the  existing  seismic  is 
similarly  acceptable  regarding  positional  accuracy 
(assuming  of  course  there  were  no  unresolved  lane 
count  problems  in  processing).  Future  geophysical 
work  positioned  with  real-time  DGPS  may  be  easily 
tied.  The  project  as  a  whole  amply  demonstrates  the 
power  and  utility  of  GPS  hardware  and  software 
available  today.  However  the  user  bears  the 
ultimate  responsibility  for  all  results  and  therefore 
the  requirement  for  such  work  to  be  performed  by 
those  with  the  proper  skill  and  experience  is  still 
evident. 
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ABSTRACT 

Global  Positioning  System  -  GPS  is  convincing  many 
surveyors  to  change  the  way  they  think  about  the 
profession.  For  most  of  recorded  history  surveying  has  used 


the  same  fundamental  techniques.  Now  in  a  comparative 
instant  of  time  GPS  has  introduced  a  revolution  in 
procedure,  a  quantum  leap  in  results,  and  gratifying 
economies  to  achieve  essentially  traditional  goals. 
Continuous  Operating  Reference  Stations  (CORS)  will 
continue  this  trend  and  will  gradually  replace  the  fixed 
monument  reference  system  used  around  the  world. 

Some  History  -  The  first  true  geodetic  survey  took  place  in 
France  in  the  late  1700’s.  The  United  States  didn’t  perform 
its  first  geodetic  survey  until  1816-17  under  Superintendent 
Ferdinand  Hassler  of  the  Coast  Survey.  Until  the  early 
1950's  surveying  was  accomplished  by  measuring  angles 
with  a  theodolite  (transit)  and  using  calibrated  rope,  rods, 
chains,  or  steel  tapes  to  measure  distances. 


Measuring  Angles 
with  si  ^EODOLITE 
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Over  the  years  instrumentation  continued  to  improve, 
especially  in  the  accuracy  and  weight  of  theodolites.  So  me 
of  the  first  geodetic  theodolites  weighed  over  300  pounds 
and  had  a  horizontal  circle  3  feet  in  diameter.  (Mr.  Hassler 
died  from  a  fall  while  attempting  to  save  his  200-pound 
theodolite.)  The  steel  tape  improved  in  uniformity  and 
calibration,  and  with  the  use  of  a  temperature  gauge  and 
spring  balance  improved  distance  measuring  up  to  a  point. 

During  the  era  of  steel  tape  and  theodolite,  the  most  any 
surveyor  could  hope  for  in  everyday  work  was  an  accuracy 
of  about  1:10,000.  When  doing  triangulation  over  long 
distances,  an  accuracy  of  1:25,000  to  1:100,000  could  be 
achieved.  The  U.S.  Coast  and  Geodetic  Survey  (USC&GS) 
classified  first  order  work  as  1:25,000.  However,  when 
checking  a  triangulation  network  with  a  steel  tape  between 
points  relatively  close  together,  it  is  difficult  to  recall  any 
check  ever  coming  out  better  than  1:10,000.  The  primary 
surveying  process  has  not  changed  from  the  begmning  of 
recorded  history  until  the  early  I950's  with  the  advent  of 
electronic  distance  measurement  (EDM)  techniques.  It  took 
another  twenty  years  before  most  self-respecting  surveyors 
were  equipped  with  an  EDM  instrument. 


Electronic  Distance  Measuring 
EDxM 


First  Real  Changes  -  Along  with  EDM  came  increased 
accuracies;  1:50,000  became  common.  This  lead  to  the 
national  reference  accuracy  standards  being  revised;  first 
order  became  1 : 100,000.  In  our  area  there  are  still  hundreds 
of  USC&GS  stations  with  accuracy  no  better  than  1 : 10,000. 
Their  value  is  mainly  historical.  Occasionally  we  establish 
new  positions  for  old  stations  utilizing  the  North  American 
Datum  of  1983  with  a  new  epoch  and  time  tag. 

The  1950's  also  introduced  digital  computers  which,  we  are 
all  aware,  has  led  to  rapid  expansion  of  surveying  and 
engineering  technology.  Development  of  survey 
instrumentation  has  continued  at  a  rapid  pace  as  computers 
get  smaller  and  faster  with  data  storage  becoming  larger  and 
less  expensive.  All  of  this  has  culminated  in  the  Total 
Station  survey  instrument  which  measures  angles  and 
distances  automatically  and  has  an  on-board  computer  for 
running  programs  and  storing  data.  Unless  computer 
technology  slows  down  we  are  all  going  to  be  on  a  dead  run 
to  keep  up.  With  GPS  marrying  Total  Stations  procedures, 
future  development  of  this  technology  is  limited  only  by  our 
imaginations. 


ECONOMICS  OF  GPS 
Experiences  in  Riverside  County 

The  Riverside  County  Flood  Control  District  has  had  an 
on-going  program  of  1:2400  scale  and  4  foot  contour 
mapping.  The  map  sheets  are  on  a  square-mile  basis.  This 
means  establishing  positions  and  elevations  on  section  and 
quarter  comers.  Until  1988,  internal  survey  accuracy  was 
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improving  in  lock  step  with  improvements  in  survey 
instrumentation  and  computer  technology.  It  was  routine  to 
achieve  1:50,000  using  EDM  and  a  T-3  theodolite.  It 
wasn’t  until  we  tied  our  surveys  to  the  National  Geodetic 
Survey  control  system  that  our  accuracies  fell  off 
drastically.  Any  good  mapping  program  is  based  upon  the 
State  Plane  Coordinate  System,  and  our  goal  was  to  produce 
maps  that  would  meet  National  Standards.  The  necessity  of 
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In  Riverside  County  we  have  two  major  problems;  First  the 
National  Reference  System  (mainly  established  in  the 
1930's  and  1940's)  was  not  accurate  enough  to  use  as  a  base 
for  modem  mapping.  Second,  cmstal  motion  and 
earthquakes  result  in  changing  ground  surfaces.  Riverside 
County  covers  about  7000  square  miles  and  is  bisected  by 
the  San  Andreas  Fault;  the  western  half  experiences  const 
ant  crustal  motion.  This  might  seem  to  be  a  major  burden 
to  any  continuing  surveying  program,  as  in  fact  it  was  until 
recently. 

In  1988  we  had  our  first  hands-on  experiment  with  the 
Global  Positioning  System.  We  rented  eight  receivers  and 
teamed  up  with  the  National  Geodetic  Survey  (NGS)  to 
establish  a  new  network  of  points  across  Riverside  County. 
Due  to  rigid  observation  standards  set  by  NGS,  nearly  all 
points  observed  in  the  main  network  were  better  than 
1 : 1 ,000,000.  In  July  of  1 988,  the  County’s  Flood  Control 
District  began  conversion  fi'om  conventional  ground 
surveying  to  utilization  of  GPS  while  also  developing 
techniques  to  account  for  daily  crustal  movement  and 
establishing  a  network  of  new  high  precision  stations.  At 
that  time  in  1988  it  was  costing  us  approximately  $2,000 
per  horizontal  point  and  $110.00  per  vertical  point  to  set 
control  to  map  a  tovraship.  All  of  our  surveying  had  to  have 
visual  line-of-sight  between  points,  and  vertical  points  were 
established  using  differential  leveling.  We  have  just 
completed  control  for  a  township  in  Corona  California  and 
the  cost  was  $223.00  per  point  for  both  horizontal  and 
vertical  data  using  GPS.  Tliis  is  only  one-tenth  our  1988 
cost  in  1995  dollars.  The  most  important  part  was  that  it 
was  more  accurate  than  anything  we  could  produce  in  the 
past. 

***** 


tying  to  the  National  Geodetic  Survey  by  juggling  stations 
to  best  fit  our  higher-order  accuracy  surveys  was  costly  and 
fhistrating.  This  led  us  to  develop  our  own  network  of 
stations  across  the  county  based  upon  the  few  National 
Geodetic  Survey  stations  that  had  an  accuracy  of  1:100,000. 
Accuracy  improved  and  a(^stments  were  easier,  but 
line-of-sight  geodetic  surveying  is  a  costly  process. 
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The  Role  of  Continuously  Operating  Reference  Stations 


Continuously  Operating  Reference  Station 
at  Lake  Mathews 


One  of  the  things  that  helped  to  reduce  the  expense  of 
establishing  survey  control  was  the  introduction  in  Southern 
California  in  1991  of  continuously  operating  permanent 
GPS  stations,  often  referred  to  as  Continuously  Operating 
Reference  Stations  (CORS).  Currently,  daily  horizontal 
positions  for  each  of  the  CORS  in  Southern  California  are 
determined  with  an  accuracy  of  1-3  mm,  with  the  vertical 
position  accurate  to  5-8  mm.  The  CORS  give  us  the  best 
secular  and  episodic  motion  (crustal  motion  and 
earthquakes)  values  available.  When  needed,  we  can  also 
utilize  the  program  developed  by  the  National  Geodetic 
Survey  to  do  Horizontal  Time  Dependent  Positioning 
(HTDP)  to  bring  all  components  of  a  survey  together  CORS 
also  allows  us  to  monitor  movement  of  the  National  Special 
Reference  System  (NSRS)  in  Southern  California  to  know 
when  secular  and  episodic  motion  have  reached  the  point 
we  must  take  them  into  consideration.  Currently  the  District 


is  using  five  CORS  as  the  basis  for  our  surveying  system. 
Two  of  the  stations  are  operated  by  the  County  and  Flood 
Control  District,  the  other  three  by  the  Southern  California 
Earthquake  Center  (SCEC).  This  is  equivalent  to  having 
five  GPS  receivers  on  every  job  at  very  little  cost.  There  are 
twenty-two  CORS  in  Southern  California  with  another  six 
scheduled  to  come  on  line.  The  Southern  California  sites 
form  the  Permanent  GPS  Geodetic  Array  (PGGA)  operated 
by  the  Scripps  Orbit  and  Peimanent  Array  Center  (SOPAC) 
at  the  University  of  California,  San  Diego,  Institute  of 
Geophysics  and  Planetary  Physics,  Scripps  Institution  of 
Oceanography.  For  more  information  on  how  to  obtain  data 
see  the  appendix.  In  Northern  California  there  are  seven 
CORS  sites  which  form  the  Bay  Area  Regional  Deformation 
Array  (BARD)  operated  by  University  California,  Berkeley 
and  the  U.S.  Geological  Survey. 


OREGON 


The  Scripps  Orbit  and  Permanent  Array  Center  (SOPAC) 
has  been  analyzing  daily  the  complete  set  of  PGGA  data 
since  August  1991.  At  its  inception,  the  PGGA  consisted  of 
4  core  stations  (Goldstone,  JPL,  Pinyon  Flat  and  Scripps). 
All  sites  contain  dual  frequency,  precise  P-code  GPS 
receivers,  A  stable  GPS  monument  has  been  designed  for 
use  in  the  network  and  five  such  monuments  have  been 
installed  at  the  Scripps,  Pinyon  Flat,  Vandenberg, 
Monument  Peak  and  Blythe  sites.  One  form  of  the 
monument  is:  (1)  a  ground-level  base  that  is  anchored  to 
depth,  and  decoupled  from  the  surface,  and  (2)  an 


antenna-mount  that  can  be  precisely  positioned  on  this  base. 
Stainless  steel  rods  embedded  in  stable  rock  or  massive 
concrete  have  been  used  at  the  other  sites.  The  PGGA 
provides  important  infrastructure  support  for  ongoing 
crustal  deformation  projects  in  southern  California.  It 
(provides  essentially  free)  data  for  any  survey  performed  in 
southern  California.  Data  are  recorded  at  a  30  second 
interval,  24  hours  a  day  to  all  visible  satellites.  With  the 
current  network  shown  in  Figure  1,  any  receiver  operating 
in  southern  California  is  within  100  km  of  a  PGGA  station. 


Continuously  Operating  Reference  Station 
at  Blythe 
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The  following  support  is  available  at  the  SOPAC  archive  for 
campaign-type  regional  surveys  in  southern  California:  (a) 
RINEX  files  for  the  PGGA  and  global  tracking  stations  of 
the  International  GPS  Service  for  Geodynamics  (IGS) 
(Zumberge  et  aL,  1995);  (b)  terrestrial  reference  frame.  The 
SOPAC  archive  contains  a  list  of  station  positions  and 
velocities  for  the  global  and  PGGA  sites  tied  to  the 
International  Terrestrial  Reference  Frame;  (c)  daily  solution 
covariance  matrices.  These  files  are  an  invaluable  resource 
for  the  analysis  of  regional  networks  since  they  contain  the 
complete  geodetic  content  of  the  global  tracking  and 


regional  CORS  networks;  (d)  precise  satellite  ephemerides; 
(e)  solution  summary  files.  These  include  PGGA  station 
repeatabilities;  (f)  interseismic  deformation.  Since  the 
PGGA  sites  track  continuously  they  obtain  interseismic 
rates  at  a  fraction  of  the  time  required  by  occasional  field 
campaigns.  This  is  invaluable  information  when  coseismic 
displacements  are  desired  (especially  in  the  far-field)  by 
surveys  that  have  taken  place  at  a  significant  amount  of  time 
before  or  after  earthquakes.  Users  have  been  collecting 
PGGA  and  global  tracking  data  from  the  Scripps  archive  for 
more  than  five  years.  In  the  month  of  April  1994  more  than 
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12,000  data  files  were  transferred  by  external  users  from  the 
SOPAC  archive. 

The  National  Geodetic  Survey  is  in  the  process  of 
establishing  State  coordinates  for  both  the  Soudiem  and 
Northern  California  arrays.  These  sites  will  then  have  legal 
status  and  become  part  of  the  new  National  Spatial 
Reference  System  (NSRS).  Riverside  County’s  site  at 
Blythe  will  become  part  of  the  main  National  Network  of 
CORS  because  of  its  strategic  location,  solid 
monumentation,  and  location  on  the  North  American 
tectonic  plate.  It  will  be  the  primary  station  for  monitoring 
crustal  motion  of  the  other  CORS  sites  in  Southern 
California.  The  California  CORS  Committee  (CCC)  is 
coordinating  both  arrays  with  the  National  Geodetic  Survey 

through  Don  D’Onofrio,  the  State  Advisor. 

***** 

The  District  uses  GPS  to  establish  horizontal  and  vertical 
position  on  every  type  of  survey  we  do:  Photogrammetric 


We  have  a  paradox  in  California.  There  are  more  CORS 
operating  here  than  any  place  in  the  nation,  resulting  in  the 
most  accurate  surveys  ever  performed.  Though  surveying 
will  benefit  handsomely  in  the  long  run,  the  primary  reason 
we  have  so  many  CORS  is  crustal  motion  and  earthquakes 
which  complicates  surveys  and  can  render  the  data 
generated  useless  after  a  period  of  time.  As  more  CORS  go 
in  across  the  nation  they  will  become  the  backbone  of  the 
National  Special  Reference  System.  Fixed  monuments  as 
we  know  them  today  will  have  diminishing  use  as  CORS 
become  more  available  and  easier  to  use.  In  these  days  of 
budget  slashing  it’s  imperative  we  use  GPS  to  the  fullest. 
It  generates  more  accurate  data,  faster,  more  conveniently, 
and  at  less  cost.  That  doesn’t  happen  very  often  in  the  real 
world. 

***** 

control.  Record  of  Surveys,  Property  Surveys,  Construction 
staking  for  dams,  channels,  bridges,  landfills,  and  roads. 
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Digital  Orthophoto  Control  Engineering  Geographic 
Information  Systems  (GIS),  Crustal  Motion  Studies, 
Densification  of  the  North  American  Vertical  Datum  of 
1988.  In  this  coming  year  we  plan  to  put  our  CORS  at  Lake 
Mathews  on  radio  transmission  at  a  five-second  sampling 
rate  to  our  office.  Anybody  within  a  30-mile  (18  km) 
radius,  with  the  proper  radio  receiver,  who  is  able  to  use  raw 
Trimble  data  is  welcome  to  the  data.  Thirty-second  data  is 
also  available  through  SOPAC.  We  plan  to  run  an 
experiment  in  September  utilizing  four  CORS  sites 
sampling  at  a  one-second  rate  for  airborne  GPS-controlled 
aerial  photogrammetry. 

Our  GPS  receivers  are  in  use  all  day  every  day.  When  you 
have  cut  brush  for  clearing  line-of-sight  stations,  done  night 
triangulation,  performed  differential  leveling  for  miles 
during  hot  and  windy  or  extremely  cold  weather,  carried  car 
batteries  to  the  top  of  mountains,  or  chained  with  a  steel 
tape  for  long  distances,  it’s  easy  to  fall  in  love  with  GPS. 
We  look  forward  eagerly  to  future  development  of  this  truly 
“space-age”  technology. 
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Appendix  A:  SCRIPPS  ORBIT  AND  PERMANENT 
ARRAY  CENTER  -  DESCRIPTION  OF  BBS  AND 
INTERNET  SERVICES 

Southern  California  Positioning  Service 

RINEX  and  raw  (receiver  image)  data  are  available  from 
permanent  GPS  sites  in  Southern  California  in  24  hour 
segments  with  a  one  day  delay.  Sampling  is  at  30  seconds. 
These  sites,  since  they  operate  continuously,  serve  as  base 
receivers  for  field  surveys.  See  Figure  1  for  location  of 
operational  sites.  NAD83  coordinates  will  soon  be 
available  for  most  sites.  Data  for  all  sites  are  available  on 
Internet.  Selected  important  sites  are  available  on  a 
PC-based  bulletin  board  service. 

Precise  GPS  Orbits 

We  now  have  precise  rapid  GPS  orbits  available  within  24 
hours  of  the  end  of  observing  day.  Regular  service  GPS 
orbits  are  available  within  4-5  days  of  collection.  Orbits  are 
available  almost  continuously  from  8/27/91  in  NGS  SP3 
format. 

Subscription  and  Log  In  Information  for  BBS 

Contact  customer  service  by  phone  or  fax  to  request  a 
subscriber  account  and  it  will  be  set  up  within  24  hours.  We 
recommend  that  you  use  a  modem  with  a  minimum 
baud-rate  of  9600  and  communication  parameters  of  8,  N, 
1,  BBS  software  is  Maximus.  Dial-in  number  is 
619/587-2563. 

Internet  Access  Information  to  SOP  AC  Data) 

You  may  also  obtain  the  data  via  Internet: 
ftp  toba.ucsd.edu  (132.239.152.80) 
name:  (toba.ucsd.edu):  anonymous 
password:  your  e-mail  address 
directories:  rinex,  raw,  products 
and  the  World  Wide  Web:  http://jon.ucsd.edu 

The  Scripps  archive  contains  GPS  data  for  selected  global 
sites  and  for  all  sites  in  the  Southern  California  Integrated 
GPS  Network  for  the  entire  period  that  sites  have  been 
operating.  To  access  site  data,  change  directory  to  rinex  or 
raw/95data/day#.  To  access  IGS  and  rapid  orbits,  change 
directory  to  products/GPSweek#. 
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ABSTRACT 

The  last  few  years  have  seen  a  new  range  of  GPS  products 
and  applications,  while  the  cost  of  a  basic  GPS  sensor  has 
decreased  significantly.  The  need  has  emerged  for  a 
versatile  GPS  sensor  that  can  be  tailored  to  any  specific 
application. 

This  paper  describes  the  architecture  of  the  CMT-1200,  a 
compact  and  low-cost  GPS  receiver  that  permits  the 
incorporation  of  new  software  components  at  different 
execution  levels  and  rates,  thereby  providing  maximum 
flexibility  without  the  need  of  an  extra  processor  or 
memory.  The  user  can  thus  easily  customize  the  I/O  or 
navigation  filtering,  as  well  as  add  new  data  or  command 
processes  directly  into  the  core  software.  This  reduces 
hardware  requirements  while  providing  more  efficient 
utilization  of  software  processing  power  and  memory. 

The  CMT-1200’s  hardware  is  also  described.  The  basic 
design  approach  includes  a  high  level  of  circuit 
integration,  and  a  powerful  RISC  processor  architecture. 
With  two  built-in  serial  ports  and  many  discrete  inputs  and 
outputs,  the  CMT-1200  can  be  easily  expanded  to  handle 
additional  devices  (eg,  serial  ports,  A/D  converter, 
gyroscope,  altimeter,  etc)  with  minimum  added  circuitry. 

Finally,  examples  are  provided  of  specific  applications, 
showing  how  the  software  and  hardware  can  be 
customized  with  a  minimal  time  to  market. 


INTRODUCTION 

The  vast  majority  of  GPS-based  applications  use  the  GPS 
receiver  as  a  peripheral  device.  For  many  of  these  non- 
critical  applications  (excluding  navigation),  the  optimal 
design  approach  is  to  integrate  the  GPS  and  application 
electronics  in  a  single  processing  unit  The  CMT-1200's 
architecture  and  processing  power  permits  the  embedding 
of  a  wide  range  of  host  applications.  The  GPS  receiver 
then  becomes  the  heart  of  the  system. 

BACKGROUND 

The  CMT-1200  design  effort  has  been  a  collaboration 
between  Canadian  Marconi  Company  (CMC)  and  GEC 
Plessey  Semiconductors  (GPSC),  combining  CMC’s 
strengths  in  navigation  system  design  with  GPSC’s  know¬ 
how  in  RF  analog  and  digital  ASICs.  The  result  is  an 
"open  architecture"  applied  to  the  following  products: 

•  CMCs  CMT-1200  OEM  card  [1],  which  can  be 
purchased  with  a  FEPROM  that  allows  the  user  to 
develop  source  code  and  reprogram  it  independently 

•  GPSCs  chipset,  for  very  high-volume  applications 

•  CMCs  GPS  software,  to  which  customized  features  can 
be  added  using  GPSC’s  ARM  processor  software 
development  kit. 

The  flexibility  of  this  architecture  permits  the  addition  of 
a  GPS-based  application  directly  into  the  receiver,  keeping 
cost,  size  and  power  consumption  to  a  minimum.. 

HARDWARE  ARCHITECTURE 

The  CMT-1200  GPS  receiver  is  a  highly  integrated  design 
comprising  three  chips  (see  Figure  1): 

•  RF  front  end  [2] 

•  digital  signal  processing  (DSP)  ASIC  [3] 

•  RISC  processor. 


The  RF  chip  performs  triple  IF  conversion  and  analog-to- 
digital  conversion  (2  bits),  and  also  includes  the  PLL  and 
VCO.  It  also  provides  the  time  base  for  the  processor  and 
the  DSP  chip. 
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Figure  1  -  CMT-1200  Block  Diagram 


The  DSP  chip  includes  12  GPS  tracking  channels  and  the 
following  peripheral  circuits: 

•  two  programmable  UARTs 

•  real-time  clock 

•  programmable  interrupts 

•  watchdog  and  reset  circuit 

•  discrete  I/Os. 

The  processor  is  the  system's  critical  component.  The 
ARM60  RISC  processor  was  selected  because  it  has: 

•  the  processing  power  to  handle  12  tracking  channels 

•  30%  spare  capacity  for  customized  tasks 

•  low  cost  and  power  consumption. 

Integration  of  GPS  and  customized  applications  can  be 
achieved  either  by  using  the  CMT-1200  standard  platform, 
or  embedding  the  GPS  chipset  onto  a  custom  board  with 
the  host  application. 

The  basic  CMT-1200  can  be  enhanced  with  the  following: 

•  an  additional  UART 

•  up  to  2  Mbytes  ROM/FEPROM 

•  up  to  512  kbytes  SRAM 

•  up  to  64  kbytes  EEPROM. 

The  battery  back-up  input  can  be  used  to  supply  only  the 
real-time  clock,  or  to  maintain  SRAM  as  well,  in  order  to 
accelerate  time  to  first  fix  (TTFF).  The  chipset 
architecture  also  has  the  required  chip-select  to  support 
additional  8/16-bit  devices,  such  as  a  UART  or  A/D 
converter,  for  full  custom  applications. 

For  applications  requiring  more  processing  power,  such  as 


a  real-time  kinematic  (RTK)  algorithm,  the  code  could  be 
executed  totally  in  SRAM,  in  order  to  operate  in  zero- 
wait-state  memory  access.  Operational  code  fetching  is 
then  reduced  by  a  factor  of  three  (from  two  wait-states  to 
zero  wait-states).  Typically  this  will  improve  the  CPU 
power  by  a  factor  of  two. 

SOFTWARE  ARCHITECTURE 

The  CMT-1200’s  GPS  software  is  broken  down  into  the 
simplest  and  most  logical  modules  (Figure  2).  Each 
module  is  as  self-contained  as  possible  to  ensure  easy 
development,  testing  and  interfacing.  Once  the  modules 
were  defined,  execution  rates  of  500  ps,  50  ms,  1  s  and 
background  were  established,  based  on  previous 
experience  and  to  provide  maximum  flexibility  for  the 
integration  of  new  tasks. 


Figure  2  -  CMT-1200  Software  Data  Flowchart 


The  500-ps  execution  rate  is  used  for  the  highest  priority 
tasks,  signal  processing  and  low-level  I/O.  The  50-ms 
execution  rate  is  used  for  I/O  management,  GPS  data 
decoding  and  SV  management  process.  The  navigation 
process  is  performed  every  second.  Lower-rate  processes 
are  executed  at  the  background  level.  At  all  execution 
rates,  spare  CPU  time  is  available  to  perform  any  task. 
Special  built-in  checks  are  incorporated  to  detect  any 
overloading  of  the  system. 

To  facilitate  the  addition  of  customized  features,  all 
important  data  structures  are  global,  so  that  a  new  process 
can  access  any  of  them  directly  with  no  waste  of  CPU 
time.  Special  algorithms  prevent  modification  of  values  at 
critical  times. 

Another  way  to  add  processes  is  to  execute  them  just 
before  or  after  any  of  the  main  or  underlying  modules. 
This  allows  for  easy  modification  of  the  data,  eg,  to 
provide  an  extra  filter  for  pseudo-range  measurements 
prior  to  navigation  processing.  A  similar  filter  could  be 
added  after  the  navigator,  before  the  RS-232  output,  etc. 
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This  high  level  of  flexibility  is  made  possible  primarily  by 
the  CMT-1200’s  memory  capacity  and  CPU  power.  The 
software's  modularity,  on  the  other  hand,  permits  the 
addition  of  processes  at  almost  any  level  and  stage  in  the 
generation  of  the  navigation  solution.  This  architecture  is 
ideal  for  the  new  GPS  market,  which  calls  for  many 
different  applications  with  particular  characteristics  and 
requirements. 

CUSTOMIZATION 

A  very  wide  range  of  custom  software  can  be  embedded 
in  the  CMT-1200,  for  applications  including: 

•  drivers  to  interface  with  communications  devices 

•  enhanced  navigation  units  with  DR  sensors 

•  RTK  positioning 

•  map  matching. 

As  an  example,  the  implementation  of  a  communications 
device  interface  is  described  herein.  Its  goal  is  to  provide 
real-time  tracking  with  differential  GPS  (DGPS) 
capabilities,  along  with  two-way  driver/base-station 
messaging,  without  installing  an  expensive  in-vehicle 
computer.  The  proposed  solution  uses  the  CMT-1200  as 
the  development  platform.  A  third  UART  is  used  to 
communicate  with  a  modem,  resulting  in  an  on-board  unit 
with  the  following  interfaces  (Figure  3): 

•  host  on  Com  1,  ASCII  or  binary 

•  DGPS  on  Com  2,  RTCM-104 

•  communications  on  Com  3,  packet- switched  public 
network  modem. 


The  main  benefits  of  this  product  is  that  it  interfaces  to  a 
standard  device  for  vehicle  tracking.  The  host  might  be  a 
mobile  computer,  or  a  simple  data-entry  keyboard  to 
provide  a  driver  interface.  The  third  UART  provides  the 
enhanced  functionality  to  allow  the  interconnection  of  a 
standard  differential  input  and  a  user  interface  without 
having  to  process  differential  corrections  through  a  mobile 
computer,  thereby  offering  significant  cost  savings. 
Additional  savings  result  from  the  use  of  the  packet- 
switched  public  network,  which  provides  a  data  link  at  a 
cost  much  lower  than  a  cellular  phone  network. 

The  communications  software  module  can  be  added  to  the 
standard  CMT-1200  software  in  accordance  with  Figure  4. 


Communications  Software 


Figure  3  -  Communications  Unit  Block  Diagram 


GPS  RECEIVER  FEATURES  AND  PERFORMANCE 
The  GPS  receiver  has  the  following  features: 

•12  parallel  tracking  channels,  ready  for  WAAS  DGPS 

•  24  tracking  channels  in  acquisition  mode 

•  DGPS-ready  RTCM-104 

•  GPS  measurements  aligned  on  GPS  time  (accuracy 
better  than  1  |is) 

•  raw  measurement  rate  of  10  Hz. 

Related  features  of  the  CMT-1200  include: 

•  time-mark  output  of  1  Hz,  aligned  with  GPS  time 

•  keep-alive  input  pin  (RAM  and/or  real-time  clock) 

•  dual  UART  (third  UART  optional) 

•  six  input/output  discrete  control  lines 

•  reprogrammable  operational  code  (FEPROM) 

•  rechargeable  lithium  battery  (optional). 
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Figure  5  -  CMT-1200  GPS  Position  Accuracy 
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Figure  7  -  CMT-1200  N/S  and  E/S  Groundspeed  Accuracy 
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ABSTRACT 

A  32-bit  CPU  integrated  with  both  12  channel 
dsp  hardware  and  on-chip  peripherals 
(UARTS,parallel  I/O,  realtime  clock)  and  a 
matching  single  chip  radio,  using  a  50ppm 
crystal  rather  than  expensive  TCXO,  make  the 
core  of  the  receiver.  Add  RAM  and  ROM 
together  with  sophisticated  software  available 
under  licence  yields  a  4  chip  receiver  with 
components  parts  under  $50  in  volume(100k  +), 
but  with  acquisition  times  second  to  none  and 


only  software  differences  between  the  oem  car 
model  and  the  centimetre-accurate  survey 
version,  and  the  ability  to  load  user  software 
onto  the  same  CPU  makes  higher  levels  of 
system  integration  even  more  cost-effective. 

INTRODUCTION 

The  relentless  climb  in  GPS  volumes,  and 
associated  fall  in  prices,  especially  in  the 
automotive  market,  mean  that  the  oem  card  or 
module  is  too  expensive  for  the  equipment 
builder  to  purchase,  but  gives  inadequate  profit 
margin  for  the  supplier. 

Led  by  Japan,  where  car  navigation  systems 
found  favour  first,  and  where  traffic  information 
systems  go  live  in  1996,  the  price  of  oem  GPS 
cards  has  passed  $200  and  promises  to  reach 
$100  next  year. 

Both  the  GPS  company  and  the  car  electronics 
company  need  to  reduce  their  costs.  In  the 
former  case,  the  solution  is  a  flexible,  low 
component  count,  low  cost  chipset.  In  the  case 
of  the  car  electronics  company,  the  solution  is 
to  build  from  components,  rather  than  the  oem 
card,  but  this  is  a  little  more  difficult  as  they 
seldom  have  the  required  expertise  in  RF 
technology  and  in  GPS  software. 

The  chipset  described  here  solves  all  these 
problems  as  a  single  chip  radio,  single  chip 
processor  that  includes  12  channel  hardware 
correlators,  ROM  and  RAM  are  all  that  are 
needed  for  a  complete  GPS  receiver,  and  the 
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radio  application  information,  and  GPS  software 
are  available  under  licence  to  all  high  volume 
system  builders.  It  operates  from  3.3  volts, 
making  it  suitable  for  low  power  areas  like 
containers  and  railway  trucks,  as  well  as  giving 
good  battery  life  in  portables. 

The  move  to  hardware  correlators,  after  5  years 
of  this  author  advocating  a  fully  software 
approach,  reflects  the  volume  of  the  GPS 
market,  now  large  enough  to  support  a  generic 
silicon  vendor,  but  the  major  advantages  of 
rapid  acquisition  time  and  tolerance  of  low-cost 
crystals,  rather  than  expensive  TCXO's,  have 
been  retained. 

Adding  the  hardware  correlators  allows  the 
CPU  to  be  downgraded  to  use  narrower,  slower 
memory,  saving  cost,  and  allows  the  CPU  to 
run  with  a  slower  clock  cycle,  saving  power.  At 
the  same  time,  peripherals  such  as  real-time 
clock,  watch-dog  and  UARTs  have  been  added 
on  chip.  There  is  even  an  alarm  for  systems 
that  are  required  to  wake  up  autonomously  at 
intervals  to  check  their  position,  such  as 
navigation  buoys. 

Avoiding  a  TCXO  can  save  $20  alone,  while 
allowing  direct  CPU  access  to  the  part- 
processed  signal  allows  the  software  to  take 
over  from  the  hardware  for  acquisition, 
especially  of  the  first  satellite,  when  the 
frequency  ambiguity  is  greatest. 

Two  of  the  twelve  channels  are  configured  to 
support  either  GPS  or  INMARSAT  WADGPS/ 
FAA  WAAS  pm  codes,  allowing  the  system  to 
support  these  services  as  soon  as  they  open. 

With  the  earlier  versions  of  this  technology 
taking  a  major  share  of  the  Japanese  GPS 
market,  the  new  two-chip  set  promises  to  move 
from  the  100k  units  arena  into  the  Im 
units/year  arena  very  rapidly. 

NEW  INTEGRATION 

The  new  levels  of  integration  seen  here  in 
Figure  1  are  single  chip  RF,  and  combining  the 


DSP  ASIC,  upgraded  to  twelve  channels,  with 
the  32-bit  CPU,  together  with  all  the  peripherals 
expected  on  a  microcontroller.  No  corners  have 
been  cut...  there  is  even  a  wake-up  alarm  that 
brings  the  CPU  out  of  power-down  after  a 
software  determined  period.  While  this  is  most 
relevant  for  solar  powered  installations  such  as 
navigation  buoys  and  freight  containers,  it  can 
be  used  to  good  effect  on  cars  to  guarantee 
instant  start-up.  When  the  car  is  parked,  the 
system  awakes  every  hour  to  download 
ephemeris  information....  until  after  12  hours, 
when  it  relaxes  the  period  to  every  4  hours, 
then  after  48  hours  it  may  switch  off  entirely. 
This  algorithm  ensures  that  the  car  battery  is 
not  discharged  when  parked  for  a  month's 
holiday...  but  that  a  10  second  or  better  start-up 
can  be  guaranteed  in  normal  use. 

Note  also  that  in  security  applications,  for 
freight  or  for  car  alarms,  the  system  may  wish 
to  detect  if  the  vehicle  has  been  moved,  and 
radio  an  alarm  . 


NEW  DSP  SECTION 

The  dsp  section  handles  12  satellites  in  parallel, 
two  of  which  may  be  using  non-GPS  codes, 
such  as  INMARSAT/FAA  RTCA-SC-159 
services.  The  choice  of  twelve  was  made  to 
allow  permanent  all-in-view  operation. 

The  dsp  section  consists  of  a  downconverter 
that  maps  the  4.092MHz  signal  to  nominal 
baseband  in  I  and  Q,  followed  by  12  IQ 
correlator/accumulators,  then  further 
downconversion  using  an  NCO  to  remove  all 
residual  phase  and  frequency  error.  All  the 
processing  is  performed  based  on  16MHz 
sampling  of  the  signal,  and  125ns  steps  in  code 
phase,  IHz  steps  in  frequency,  3  degree  steps  in 
carrier  phase. 

The  output  from  the  DSP  section  consists  of  62 
byte  packets  of  data,  passed  by  DMA  into  the 
CPU  memory.  The  data  consists  of  12  16bit 
words  of  data  for  the  I  channels,  12  for  the  Q 
channels,  and  12  8  bit  time  stamps,  plus  a 
header.  These  packets  are  normally  delivered 
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at  a  nominal  1  millisecond  rate,  though 
provision  is  made  both  for  doppler  and  clock 
error  when  tracking,  and  for  a  much  faster 
sample  rate  during  acquisition. 

ACQUISmON....Seiisitivity  and  Speed. 

Acquisition  performance  dominates  the 
availability  of  the  car  GPS.  While  the  all-in- 
view  receiver  minimises  the  problem,  it  is  still 
important.  This  design  continues  to  use  the  fast 
software  acquisition  algorithm  first  published  in 
GPS-90  [1],  but  modified  in  two  directions. 

In  normal  addition  of  an  extra  satellite,  the  dsp 
hardware  only  provides  samples  at  a  1  ms  rate, 
rather  than  the  64us  used  in  the  software 
version....  so  the  frequency  band  searched  can 
only  be  +/-500Hz,  rather  than  +/-  8kHz.  This 
is  a  benefit  when  the  system  is  running, 
because  the  frequency  uncertainty  is  within  this 
range,  so  by  using  16  sample  pairs  in  an  FFT, 
the  acquisition  is  performed  in  a  62Hz 
bandwidth,  many  dB  more  sensitive  that  the 
IkHz  bandwidth  used  since  1990. 

When  starting,  however,  due  to  unknown 
oscillator  error,  a  much  wider  frequency  band 
must  be  searched,  and  due  to  unknown  timing 
error,  the  whole  millisecond  of  code  phase 
ambiguity  must  be  searched....  16  milliseconds 
at  each  500ns  phase  would  take  some  32 
seconds  for  a  single  frequency...  clearly  not 
acceptable. 

The  solution  was  to  give  the  dsp  hardware  an 
"acquisition  mode",  where  it  passed  the  data  to 
the  CPU  at  a  much  faster  rate,  ie  a  much  wider 
filter  bandwidth.  This  has  been  set  at  3 1  or  62 
us  rate,  and  it  is  the  latter  which  is  used  here  to 
allow  the  initial  FFT  acquisition  to  cover  a 
16KHz  bandwidth  for  a  single  setting  of  the 
NCO.  The  multiple  channels  of  the  dsp  can  be 
used  to  search  multiple  frequency  bands  in 
parallel,  or  multiple  code-phases  in  parallel. 
This  can  be  done  on  one  satellite  (nominally 
the  highest),  or  on  the  highest  three. 

This  latter  is  chosen  because  the  car  roof  may 
mask  a  satellite,  as  may  an  adjacent  wall.  Using 
four  channels  per  satellite  allows  the  first  level 


search  to  take  2046/4  ie  512ms,  the  second 
level  2046*2/4  ie  1023ms,  the  third  10  * 
16/4ms  for  a  total  of  around  1.6  seconds  to 
acquire  the  first  satellite  when  oscillator 
frequency  and  precise  time  are  unknown. 
Repeating  this  for  the  16kHz  band  above  and 
below  the  most  recently  known  frequency 
leads  to  an  acquisition  time  less  than  5  seconds, 
in  a  very  narrow  62Hz  bandwidth,  with  50KHz 
variation  due  to  temperature  since  last  use. 

The  above  algorithm  yields  the  first  three 
satellites  in  the  same  time  if  not  obstructed,  but 
is  considered  successful  if  even  one  is  found. 
This  one  yields  a  calibration  of  the  receiver 
oscillator,  so  in  the  relatively  low  velocity 
situation  of  the  car,  the  precise  frequency  of  the 
other  satellites  can  immediately  be  computed, 
and  also  their  approximate  code  phase  from  the 
stored  position  and  almanac  data.  Thus 
subsequent  satellites  require  around  200  code 
phases  tested  at  16ms  each,  3.2  seconds  if  only 
a  single  chatmel  is  allocated  to  each. 

However  11  channels  could  be  in  use  at  this 
point,  and  each  phase  could  need  15  FFTs  due 
to  data  transitions,  so  in  fact  CPU  time  would 
be  the  limit,  not  the  dsp  hardware.  Thus  a 
multilevel  approach  is  used  again,  and  only  3ms 
is  processed  at  each  code  phase,  and  only  if  the 
amplitude  is  sufficient  is  the  further  13ms 
loaded.  The  top  50  candidates  then  have  the 
full  16ms  FFT  performed  (note  25%,  far  higher 
than  the  10/2046  or  0.5  per  cent  retained  in  first 
satellite  search....  hence  the  ability  to  find 
satellites  down  to  the  horizon  under  trees  in  the 
rain  even  with  a  patch  antenna)  This  approach 
leads  to  1.25secs  limit  on  the  hardware,  and 
around  2  seconds  for  the  software.  As  it  will 
be  rare  that  12  satellites  are  above  the  horizon, 
the  software  and  hardware  will  match  in  the 
general  case. 

Note  that  further  economies  can  be  made,  such 
as  limiting  the  search  to  the  highest  six 
satellites,  of  which  three  will  have  been  found 
in  mode  1 .  This  leaves  9  channels  looking  for 
3  satellites. 

By  whatever  means,  once  three  satellites  have 
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been  found,  a  crude,  altitude-held  position  and 
velocity  fix  can  be  generated,  even  on  almanac 
data.  It  is  the  velocity  that  is  needed,  for 
which  the  old  position  estimate  and  very 
approximate  satellite  positions  are  adequate. 

Given  a  crude  position  and  a  now-precise 
frequency  pre-knowledge  for  the  remaining 
satellites,  satellites  4-12  can  be  foxmd  without 
even  the  FFT  work,  as  the  NCO  is  set  up 
correctly,  and  only  around  20  code-phase 
possibilities  are  searched.  Retaining  the  62Hz 
bandwidth  means  20  *  16ms  real  time,  or  0.3 
seconds,  all  in  parallel.  We  note  that  the  20 
phase  search  depends  on  almanacs  good  to 
ISOOmetres  range  error  on  the  satellites  and 
receiver  clock  equally  good  to  achieve  this. 
The  latter  can  be  managed  by  waiting  until  the 
first  channel  found  has  read  a  downloaded  time- 
of-week,  if  an  extra  six  seconds  delay  can  be 
tolerated....no  problem  for  autonomous  and  cold 
starts,  but  difficult  for  warm  starts. 

However,  by  definition,  warm  starts  have  down 
loaded  an  ephemeris  within  4  hours,  so  using  a 
maximum  range  rate  of  830m/s,  a  two  second 
error  in  4  hours  is  the  maximum  tolerable 
variability  ie  2/(3600*4)  =  1/7200  or  140ppm. 
Note  that  this  is  variability....  not  error.  Static 
or  aging  error  is  calibrated  out  against  GPS 
time.. 

RF  CHIP 

The  RF  chip  is  simply  an  integration  of  the 
discrete  architecture  to  minimise  assembly 
complexity  and  cost,  with  the  added  benefits  of 
reduced  size  and  power  consumption.  The 
architecture  is  a  single  downconversion  to 
20MHz,  aliassed  down  to  4MHz  by 
undersampling  at  16MHz..  This  has  the  benefit 
of  an  easily  filtered  image,  40MHz  away  at  RF, 
and  a  simple  band-shaping  filter  at  20MHz 
which  needs  no  set-up,  uses  10%  components 
and  has  to  reject  images  only  at  12  and  28 
MHz,  some  40%  away  from  centre  frequency. 

The  major  economy  in  the  radio  is  the  inclusion 
of  the  local  oscillator  chain  and  reference  clock 
divider.  Thus  there  is  no  synthesiser  or  Phase 
locked  oscillator/VCO  to  provide. 


The  RF  chip  was  designed  using  MAXIM'S 
GST2  process,  initially  on  the  Quickchip  9/60 
in  a  28  pin  SSOP  package,  in  order  to  satisfy 
time-to-market  requirements  for  1996.  As 
volume  builds  it  will  be  ported  to  a  full  custom 
chip  to  reduce  costs  further,  and  will  be 
reduced  to  a  16  or  20  pin  package.  The  initial 
design  is  a  fully  flexible  radio,  supporting 
single  or  dual  down  conversion  with  two 
programmable  dividers  to  generate  the  second 
LO  and  the  reference  clock.  This  is  justified  as 
there  are  sufficient  transistors  on  the  Quickchip 
array.  The  custom  chip  will  supply  only  the 
minimal  needs  of  the  GPS  architecture,  ie 
single  conversion  and  a  single,  non¬ 
programmable  divider. 

OSCILLATOR 

The  main  oscillator  is  run  at  around  80  MHz  in 
the  GPS  application  so  that  the  multiplication 
ratio  to  L-band  and  the  division  ratio  to  the 
processor  reference  clock  are  both  reasonable, 
while  at  the  same  time  the  crystal  is  readily 
available  at  minimal  cost.  The  oscillator  uses 
a  single  transistor,  and  supplies  the  80MHz  and 
the  1.5GHz  signals  on  separate  outputs,  which 
minimises  the  need  for  further  filtering  and 
prevents  the  digital  circuitry  from  damping  the 
L-band  signal.  The  oscillator  transistor  is  kept 
separate  from  the  RF  chip  for  two  reasons.... 
access  is  required  to  all  three  terminals  of  the 
transistor,  so  it  would  increase  the  pin-count, 
and  also  the  excellent  phase-noise  performance 
achieved  by  this  approach  could  be 
compromised  by  coupling  from  the  digital 
dividers  through  the  substrate  of  the  RF  chip. 

FREQUENCY  TOLERANCING 
without  a  TCXO 

The  reason  for  excluding  a  TCXO,  just  as  in 
the  software  designs  from  1989-94,  is 
economic....  it  costs  as  much  as  the  processor. 
However  no  performance  penalty  can  tolerated. 

The  wider  frequency  tolerance  of  an 
uncompensated  crystal  brings  three  problems 
1)  a  larger  search  volume  for  acquisition 
of  the  first  satellite 
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2)  The  need  to  handle  higher  frequency 
offsets  in  the  dsp  work 

3)  The  need  to  handle  more  rapid 
changes  in  frequency  in  the  tracking  algorithm. 

The  first  two  of  these  have  been  handled 
above...  the  hardware  supports  frequency  errors 
up  to  132kHz,  and  supports  a  software  aided 
fast  acquisition  mode  that  acquires  the  first 
satellite(s)  in  seconds  rather  than  tens  thereof. 

The  third  problem,  tracking  loop  dynamics,  is 
not  a  problem  in  a  non-channelised  system. 
While  the  1989-93  software  systems  had 
difficulty  downloading  data  during  changes 
between  250Hz  channels,  the  1994  software 
system  used  continuous  tuning,  and  this  is 
repeated  in  the  1995  hardware  dsp  with  the 
NCO  tuning  in  continuous  IHz  steps  if 
required.  With  the  carrier  phase  tracking  able 
to  handle  2800  degrees  per  second,  around 
eight  hertz,  without  even  tuning  the  NCO,  and 
the  NCO  supporting  dftdt  rates  of  up  to  IkHz 
per  second,  there  is  ample  capability  for 

handling  oscillator  variation .  in  fact  the 

software  currently  calculates  phase/frequency 
only  at  databit  edges,  ie  20ms,  in  order  that 
minimum  noise  is  introduced  to  the  tracking, 
and  for  convenience  as  integration  to  the  20ms 
level  is  needed  for  data  extraction  anyway. 


APPLICATIONS  INTEGRATION 

Building  a  GPS  system  from  the  component 
level,  rather  than  using  an  oem  GPS  board, 
means  that  rather  than  using  a  second  processor 
to  integrate  positioning  and  other  sensors,  the 
integration  and  display,  routefinding  and  user 
interface  algorithms  can  all  be  loaded  onto  the 
GPS  CPU. 

This  is  supported  by  the  availability  of  around 
50%  of  the  CPU  time  for  user  applications, 
after  the  first  10  seconds  used  for  rapid 
acquisition.  As  the  gyro  has  not  stabilised,  nor 
the  CD-ROM  spun  up  to  speed  in  this  time,  the 
entire  navigation  system,  rather  than  just  the 
GPS  work,  can  run  on  the  ST20GP1. 


Additionally,  the  6  I/O  pins,  two  interrupt  pins, 
and  8bit  stream  I/O  port  allow  interfacing  to 
additional  hardware.  A  quarter-VGA  screen 
(320*240)  can  be  directly  connected  to  the 
stream  I/O  port,  using  an  EPLD  video  timing 
generator,  or  alternatively  the  port  can  be  used 
to  stream  speech  samples  to  a  DAC  for  verbal 
route  directions..."Tum  left  in  100  metres". 

The  6  I/O  are  used  to  interface  the  gyro  serial 
ADC,  and  to  poll  the  keyboard,  be  it  a  discrete 
keyboard  or  soft  keys  around  the  screen. 

PERFORMANCE 

The  performance  of  a  stand-alone  GPS  is  no 
longer  measured  by  accuracy  in  a  benign 
environment,  because  all  modem  receivers  are 
so  accurate  that  it  is  the  signal,  by  means  of  S A 
or  ionospheric  distortion,  that  dominates  the 
positional  error. 

The  car  GPS  is  measured  by  its  TTFF  under 
various  initialisation  conditions,  and  its 
percentage  availability  in  city,  mountain,  forest 
and  highway  environments....  all  situations  that 
cannot  be  mathematically  defined. 

The  benign  conditions  TTFF  has  been  discussed 
above  under  fast  acquisition....  such  that  warm 
starts  are  now  in  the  6  second  region,  and  cold 
starts  are  dominated  by  the  satellite  datarate, 
which  needs  36  seconds  worst  case  after 
acquisition. 

The  autonomous  start,  where  the  receiver  has 
no  position  or  time  estimate,  for  example  on 
initial  delivery  of  a  car  from  Japan  to  Europe, 
also  benefits  greatly  from  the  fast  acquisition 
mode,  and  under  benign  conditions  is  less  than 
90  seconds...  allowing  for  limitations  such  as 
using  default  ionospheric  models  and  being 
unable  to  report  UTC  time,  as  the  appropriate 
almanac  packets  could  take  12.5  minutes  to 
arrive. 

In  operation,  the  all-in-view  nature  of  the 
receiver  has  two  major  benefits.  It  achieves  the 
maximum  availability...  tracking  obscured 
satellites  even  in  the  absence  of  signal  such  that 
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they  can  take  their  place  in  the  navigation 
solution  at  the  smallest  window  in  the 
obstruction.  It  also  minimises  the  effects  of  SA 
and  multipath/reflections  by  averaging  the 
errors.  While  a  four  satellite  solution  under  SA 
may  have  a  mean  error  of  50  metres,  the  7 
satellite  solution  is  more  like  20-30  metres. 

The  ability  to  track  two  INMARSAT  satellites 
when  available  means  both  an  undistorted  range 
measurement  to  add  to  the  navigation  solution, 
and  precise  corrections  for  the  GPS  satellites, 
with  zero  additional  hardware  cost.  The 
corrections  message  is  received  on  the  GPS 
frequency,  through  the  GPS  radio  and  decoding 
mechanism...  and  the  ST20GP1  supports  the 
new  pm  codes  for  these  satellites.  Once  this 
service  opens,  we  can  expect  a  one  metres 
service  in  our  cars  !!!. 

CONCLUSION 

The  ST20GP1  offers  to  the  car-electronics 
manufacturers  of  the  world  the  opportunity  to 
have  the  ultimate  in  GPS  performance  for  the 
lowest  possible  system  cost,  with  time  to 
market  minimised  by  available  radio  designs 
and  licensable,  royalty  free  software.  Whilst 
the  car  electronics  manufacturers  need  this 
support,  the  chip  is  equally  suitable  for  the  oem 
GPS  board  manufacturers  who  have  their  own 
radio  expertise  and  software. 

As  the  culmination  of  8  years  work  on  GPS 
that  took  implementation  from  traditional 
hardware  through  revolutionary  software  only 
solutions,  and  back  again  to  the  perfect 
combination  of  the  two,  the  ST20GP1  uses 
integrated  hardware  for  accurate  satellite 
tracking  and  minimum  CPU  loading,  but  allows 
the  32-bit  CPU  full  access  to  the  signal  for  the 
ultimate  in  fast-acquisition,  and  with  a  single 
chip  radio  and  low  cost  crystal  oscillator 
makes  GPS  a  commodity  product  costing  tens, 
not  hundreds,  of  dollars. 
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ABSTRACT 

At  ION  GPS-94  detailed  specifications  were  presented 
for  an  affordable  new  20  cm  real-time  positioning  system 
...  RT-20.  One  year  down  the  road,  with  many  units  in 
the  field,  and  with  many  lOO's  of  hours  of  use,  field 
results  are  presented  which  underline  the  performance, 
utility  and  robustness  of  this  exciting  new  technology. 

The  new  NovAtel  MiLLennium  dual-frequency  receiver 
is  discussed,  and  plans  for  new  end-user  and  OEM 
products  are  revealed. 


INTRODUCTION 

This  paper  summarizes  those  technologies  —  recent,  new, 
and  forthcoming  —  which  constitute  NovAtel’ s  GPS 
product  line.  A  summary  of  the  real  time  20  centimetre 
RT-20  technology  is  presented  and  a  brief  overview  of 
two  multipath  mitigation  technologies  is  given.  Brief 
details  of  the  upcoming  MiLLenium  dual-frequency 
receiver  are  presented,  and  NovAtel’ s  first  end-user  GPS 
products  are  introduced. 

RT-20  BACKGROUND 

To  date,  NovAtel's  GPS  products  have  been  based  on 
Narrow  Correlator  LI  technology.  This  technology  made 
real-time  C/A-code  positioning  at  the  metre  level 
available  for  the  first  time  in  a  high  performance  receiver 
that  was  suitable  for  a  wide  variety  of  very  challenging 
applications. 

Historically,  users  of  satellite  navigation  systems  have 
demanded  positions  of  a  higher  quality  than  those 
currently  available.  Thus,  in  GPS  circles  we  have  seen  an 
ever  increasing  trend  towards  real-time  phase-based 
positioning  systems. 

In  line  with  these  market  trends  and  pressures,  NovAtel 
began  development  of  a  fixed  ambiguity  RTK  system 
based  on  its  LI  GPSCard.  By  September  1993  the  first 
system  was  completed  and  successfully  demonstrated. 
However,  the  fixed  ambiguity  approach  displayed  several 
drawbacks  which  can  be  considered  inherent  limitations 
with  even  the  best  LI  receivers,  the  most  notable  of  which 
can  be  summarized  as  follows: 

•  LI  observations  cannot  successfully  model 
ionospheric  delays 

•  Multipath  can  affect  the  quality  of  pseudoranges  and 
have  a  huge  impact  on  the  size  of  the  initial 
ambiguity  search  volume 
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♦  Ionosphere  and  multipath  can  conspire  to  make  the 
ambiguity  search  process  lengthy  and  unreliable 

Ultimately,  it  was  decided  that  these  drawbacks 
compromised  the  robustness  and  usability  of  the  system. 
Thus,  further  development  of  the  LI  fixed  ambiguity 
approach  was  deferred  until  new  dual-frequency  receiver 
technology  became  available. 

The  fixed  ambiguity  system  relied  upon  a  subset  of 
floating  ambiguity  algorithms  which  were  used  to  define 
the  initial  limits  of  the  search  volume  and  which  ran  in 
parallel  with  the  fixed  solution  once  the  ambiguities  had 
been  resolved.  Testing  and  development  of  the  fixed 
ambiguity  approach  revealed  very  good  agreement 
between  the  floating  and  fixed  solutions.  This  testing  also 
revealed  that  the  float  solution  was  more  stable  than  that 
of  the  fixed.  Thus,  the  software  engineers  concentrated 
on  developing  the  floating  ambiguity  solution  into  a 
commercial  product. 

RT-20  Philosophy 

In  essence,  the  RT-20  algorithms  are  a  suite  of  double 
differencing  routines  which  compute  and  continuously 
improve  the  remote  receiver’s  estimate  of  each  satellite’s 
phase  ambiguity.  It  is  important  to  note  that  the 
algorithms  never  attempt  to  fix  the  ambiguities  to  integer 
numbers  —  instead,  the  estimate  of  each  ambiguity 
remains  unfixed  at  all  times.  In  practical  terms  this  means 
it  is  very  unlikely  that  the  system  will  select  incorrect 
values  for  the  ambiguities.  In  turn,  this  means  that  a 
solution  can  always  be  computed  provided  that 
continuous  phase  data  are  available  from  at  least  4 
satellites. 

This  scenario  has  immediate  advantages  over  that  of  the 
fixed  ambiguity  approach  where  an  “all  or  nothing” 
approach  must  be  accepted  by  the  user. 

As  with  any  differential  setup  (real-time  or  post- 
processed)  raw  data  must  be  available  from  both  reference 
and  remote  locations.  The  RT-20  remote  relies  upon 
reception  of  raw  code  and  phase  data  from  a  reference 
station.  To  this  end,  any  NovAtel  full  data  Narrow 
Correlator  receiver  can  be  used  to  broadcast  the  necessary 
RTCM  type  3  (reference  station  coordinates)  and  type  59 
messages  (reference  station  code  and  phase  data). 
Table  1  lists  the  salient  characteristics  of  the  type  3  and 
type  59  messages. 


Message 

type 

Number  of  bits 
(maximum) 

Update  rate 
(suggested) 

3 

180 

10  s 

59 

990* 

2s 

1  *  Assuming  12  satellites  being  tracked  | 

Table  1:  Main  Characteristics  of  the 
Reference  Station’s  Data  Transmission 


Clearly,  the  demands  placed  on  the  radio  link  are 
relatively  modest,  and  it  is  possible  to  broadcast  the 
necessary  reference  station  messages  using  a  1200  baud 
radio  link.  This  is  especially  true  if  less  than  12  satellites 
are  being  tracked. 

Typical  RT-20  Accuracy 

Immediately  after  power  up  and  reception  of  the  reference 
station’s  data  the  RT-20  remote  outputs  what  essentially 
amounts  to  a  code  differential  solution.  Narrow 
Correlator  code  measurements  allows  for  metre  level 
positioning  in  this  instance.  However,  a  few  seconds  later 
the  RT-20  floating  ambiguity  algorithms  begin  estimating 
the  ambiguities  for  each  satellite,  and  the  solution  rapidly 
starts  to  improve.  After  2  to  3  minutes  a  nominal 
horizontal  accuracy  of  20  cm  CEP  is  typically  obtained. 
With  continuous  phase  lock  the  accuracy  improves  further 
to  2  to  5  cm  CEP.  This  process  of  a  gradually  evolving 
position  is  most  easily  likened  to  that  of  a  gradual 
transition  from  a  code  only  differential  solution  to  that  of 
a  phase  only  differential  solution  —  at  power  up  the 
solution  is  almost  entirely  based  on  code  measurements 
...  after  several  minutes  the  solution  is  based  purely  on 
phase  data. 

Figure  1  illustrates  typical  static  and  kinematic 
convergence  times  for  a  short  baseline  (<  10  km) 
scenario.  It  can  be  seen  that  kinematic  accuracies  are 
comparable  to  those  of  the  static  case,  the  main  difference 
being  convergence  times  which  are  nominally  three  times 
longer. 


Figure  1:  RT-20  Accuracy  vs.  Convergence 
Time  for  Short  Baselines 
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Latency  &  Safety  Issues  with  RT-20 

The  RT-20  algorithms  utilize  a  number  of  novel 
techniques  which  are  designed  to  increase  the  robust 
nature  and  usability  of  the  system. 

An  RT-20  remote  can  generate  its  positions  at  user- 
selectable  rates  as  high  as  5  Hz.  In  NovAtel  receivers  a 
5  Hz  update  rate  means  that  raw  code  and  phase  data  are 
being  measured  by  the  remote  receiver  five  times  per 
second  —  there  is  no  smoothing  or  extrapolation  involved. 

However,  the  double-differencing  RT-20  algorithms 
require  code  and  phase  data  from  a  reference  station. 
Clearly,  broadcasting  reference  station  data  at  rates  as 
high  as  five  times  per  second  would  place  unreasonable 
demands  on  the  system's  radio  link.  Fortunately,  because 
the  reference  station  is  stationary  it  is  a  relatively 
straightforward  task  to  predict  the  temporal  behaviour  of 
the  phase  observations.  Therefore,  the  RT-20  reference 
station  need  only  broadcast  its  observations  once  every 
two  seconds.  The  remote  unit  then  estimates  the  temporal 
behaviour  of  the  phase  observations  using  a  3  state 
extrapolator  model.  In  this  manner,  accurate  5  Hz 
reference  station  data  can  be  constructed  using  real  0.5  Hz 
data  with  no  perceptible  loss  in  accuracy.  The  quadratic  3 
state  filter  has  an  r.m.s.  accuracy  of  3%  of  a  wavelength 
(«6mm)  over  2  seconds,  or  30%  of  a  wavelength 
(«  60  mm)  over  6  seconds.  Clearly,  the  2  second  update 
rate  for  reference  station  data  is  preferable. 

Extrapolators  of  this  type  appear  to  be  gaining  popularity 
and  have  recently  been  documented  by  Landau  &  Vollath 
(1995)  and  Lapucha  et  al.  (1995). 

The  extrapolator  also  helps  in  greatly  reducing  data 
latency  times  of  the  RT-20  position  updates  so  that  they 
are  typically  less  than  70  ms.  This  means  that  when  the 
user  stops  moving  so  does  the  solution  ...  almost 
instantaneously.  This  scenario  often  isn’t  true  of  other 
RTK  systems. 

The  extrapolated  reference  station  data  are  compared  with 
real  data  at  the  update  rate  specified  by  the  data  link.  If 
large  discrepancies  are  found  then  a  badly  behaving 
satellite  is  said  to  have  been  detected  and  its  observations 
will  be  de-weighted.  If  large  discrepancies  are  detected 
for  all  satellites  then  a  badly  behaving  reference  satellite 
is  said  to  have  been  detected  and  a  new  one  is  chosen. 

This  integrity  check  offers  the  distinct  advantage  that 
satellite  behaviour  can  be  easily  monitored,  accounted  for, 
and  adjusted  for. 

RT-20  utilizes  a  default  12.5®  elevation  cut-off  angle. 
Any  satellites  below  12.5°  are  tracked  by  the  receiver  and 


their  ambiguities  are  determined  and  maintained,  but  their 
observations  are  severely  de-weighted  so  that  they  have 
virtually  no  impact  on  the  solution.  This  helps  to  avoid 
the  use  of  low  elevation  satellites  and  the  associated 
tropospheric  and  ionospheric  problems  which  can  arise. 

The  RT-20  receiver  requires  at  least  4  satellites  in  order 
to  deliver  3D  positions.  If  obstructions  cause  high 
elevation  satellites  to  be  lost  such  that  less  than  4 
satellites  are  tracked,  then  the  RT-20  receiver  will 
automatically  include  the  low  elevation,  low  weight 
observations  in  its  solution.  This  is  accomplished  by 
increasing  the  weights  on  the  low  elevation  satellite 
observations  so  that  they  are  included  in  the  position 
solution.  This  technique  endeavours  to  deliver 
continuous  positions  regardless  of  satellite  blockage,  and 
the  resultant  loss  of  accuracy  is  reflected  in  the  standard 
deviations  of  the  position. 

Multipath  considerations  With  RT-20 

Because  the  initial  positions  are  so  closely  coupled  to  the 
code  measurements  it  is  imperative  to  have  good  quality 
pseudoranges.  Narrow  Correlator  pseudoranges  aid 
considerably  in  this  respect,  but  in  the  presence  of  poor 
multipath  conditions  even  the  Narrow  Correlator’s 
enhanced  multipath  immunity  may  not  always  be  as  good 
as  one  would  like.  If  reference  and  remote  receivers  are 
equipped  with  choke  ring  ground  planes  the  effects  of 
multipath  can  be  minimized.  However,  in  many 
applications  this  is  not  always  a  practical  option.  For  this 
reason,  the  RT-20  receiver  also  runs  Multipath 
Elimination  Technology  (MET)  as  a  standard  feature. 
MET,  which  is  described  in  more  detail  later  in  this  paper, 
removes  some  25%  to  50%  of  the  residual  code 
multipath,  runs  within  the  receiver  firmware,  and  helps  to 
confine  the  size  of  the  initial  search  volume  which  is  used 
by  RT-20’s  double  differencing  algorithms. 

Ionospheric  Considerations  with  RT-20 

The  ionosphere  and  multipath  play  very  important  roles  in 
the  utility  of  phase-based  LI  positioning  systems. 
Multipath  has  already  been  discussed  within  the  sphere  of 
an  RT-20  solution,  but  ionospheric  delays  are  too 
important  to  overlook. 

During  periods  of  peak  ionospheric  activity  the  group 
delay  experienced  at  GPS  frequencies  can  be  as  much  as 
50  m  at  zenith  and  three  times  as  much  for  a  satellite  at 
the  horizon.  The  ionosphere  is  a  dispersive  medium  at 
radio  frequencies  ...  a  property  which  is  fully  exploited 
by  dual-frequency  receivers  by  combining  observations 
made  on  the  LI  and  L2  frequencies.  However,  LI 
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receivers  lack  the  second  frequency  and  must  rely  on 
alternative  techniques  to  estimate  the  ionosphere’s  effect. 
Typically,  with  LI  receivers  we  either  ignore  the 
ionospheric  effect  altogether  or  we  attempt  to  model  it 
using  one  of  several  empirical  models  which  are 
available.  Empirical  ionospheric  models  are  extremely 
limited  in  their  ability  to  model  the  effect  and  on  the 
average  can  only  remove  50%  of  the  ionospheric  delay. 
Therefore,  the  residual  ionosphere  after  such  modelling  is 
usually  a  major  source  of  error  for  which  we  cannot 
correct. 

Differential  processing  removes  much  of  the  ionospheric 
effect,  but  the  spatial  correlation  of  the  ionospheric  delay 
between  reference  and  remote  locations  becomes  weaker 
as  the  baseline  length  increases,  and  differential 
processing  becomes  less  eflfective  in  its  ability  to  remove 
the  effect.  In  a  code  differential  scenario  this  results  in 
decreasing  accuracy  as  baseline  lengths  increase. 

In  LI  phase-based  systems  the  effect  is  far  more  severe 
and  can  result  in  a  complete  inability  to  resolve 
ambiguities  with  any  degree  of  confidence.  In  fact,  in  the 
fixed  ambiguity  approach  the  general  rule  of  thumb  is  that 
baseline  lengths  of  15  km  to  20  km  should  not  be 
exceeded  if  ionospheric  problems  are  to  be  avoided. 
RT-20’s  floating  ambiguity  approach  circumvents  these 
problems  by  never  attempting  to  fix  the  ambiguities. 
Instead,  the  system  accepts  the  fact  that  ionospheric 
decorrelation  will  impact  on  the  result,  and  reflects  the 
impact  accordingly  by  showing  larger  standard 
deviations.  Figure  2  shows  RT-20  accuracy  versus 
baseline  length.  We  see  that  a  solution  is  always 
available,  albeit  of  reduced  quality  as  the  baseline  length 
increases.  Typically,  under  steady  state  conditions, 
RT-20  delivers  better  than  half  a  metre  accuracy  CEP, 
after  a  period  of  extended  phase  lock,  over  baselines  of 
50  km. 


Figure  2:  RT-20  Accuracy  vs. 
Baseline  Length 


To  sununarize,  we  can  state  that  the  very  nature  of  the 
RT-20  floating  solution  overcomes  the  baseline  length 


limitations  suffered  by  fixed  ambiguity  solutions,  and 
offers  a  seamless  transition  from  short  to  long  baselines. 


Current  RT-20  Applications 

Production  versions  of  RT-20  have  been  available  since 
January  1995.  Since  then  many  units  have  been  delivered 
to  customers  and  many  lOO’s  of  hours  of  field  use  have 
been  accumulated.  The  applications  for  this  technology 
have  proven  to  be  many  and  varied,  and  include: 

•  robotics  guidance 

•  precision  guidance  for  agriculture 

•  precision  earth  moving 

•  precision  mining 

•  collision  avoidance  systems  for  heavy  machinery 

•  container  tracking  systems 

•  truck  guidance  alarm  systems 

•  seismic  surveying 

•  GIS  /  surveying 

•  hydrographic  surveying  and  dredging 

•  land  slide  monitoring 

In  all  cases,  the  RT-20  approach  has  delivered  accurate 
positions  which  tie  in  closely  with  the  system’s  design 
specifications.  Novel  new  applications  for  the  technology 
will  undoubtedly  continue  to  emerge. 

Summary  Float  vs.  Fixed  -  Pros  &  Cons 

The  previous  paragraphs  have  reviewed  some  of  the 
major  problems  which  are  faced  by  LI  only  phase-based 
RTK  positioning  systems.  Some  the  ways  in  which 
RT-20’ s  floating  solution  overcomes  or  minimizes  many 
of  the  limitations  have  also  been  explained.  Table  2 
summarizes  the  various  advantages  and  disadvantages  of 
the  LI  floating  solution  versus  LI  fixed  solutions. 

Ford  &  Neumann  (1994)  presents  a  thorough  overview  of 
the  RT-20  technology.  The  interested  reader  is  directed 
towards  this  reference  if  more  details  are  required. 
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LI  FIXED  AMBIGUITY  SOLUTION 


LI  FLOATING  AMBIGUITY  RT-20 


ADVANTAGES 

•  always  converges 

•  always  gives  a  position 

•  not  CPU  or  RAM  intensive 

•  statistics  good  indicators  of  accuracy 

•  foolproof  operation 

•  seamless  transition  from  short  to  long  baselines 

•  low  cost  platform 

•  can  give  centimetre  level  accuracy  for  short 
baselines 

DISADVANTAGES 

•  typically  decimetre  level  accuracy 

•  easier  to  pick  the  wrong  answer 

•  difficult  to  know  if  the  answer  is  correct 

•  too  long  to  get  a  good  position 

•  too  much  CPU  and  RAM  required 

•  doesn’t  work  for  long  baselines 

•  experience  needed  to  operate 

•  too  long  to  get  good  position  at  start  up  and 
after  loss  of  lock 

•  operational  constraints 

Table  2:  Advantages  and  disadvantages  of  the  RT-20  floating  ambiguity  solution 
vs.  LI  fixed  ambiguity  solutions 


MULTIPATH  MITIGATION 
TECHNOLOGIES 

Multipath  signals  often  cause  a  bias  within  the  receiver 
measuring  process.  Unlike  other  systematic  biases  which 
affect  GPS  pseudorange  and  carrier  phase  observations, 
multipath  effects  are  not  correlated  between  antenna 
locations.  This  means  that  no  form  of  differential 
processing,  either  real-time  or  post-processed,  removes 
the  effect.  In  real-time  applications  pseudorange 
multipath  at  the  reference  station  will  cause  errors  in  the 
pseudorange  corrections.  In  turn,  these  errors  propagate 
into  position  errors  at  the  remote  locations. 

Traditionally,  GPS  users  have  attempted  to  overcome 
multipath  effects  by  using  choke  ring  ground  planes  or  by 
carefully  selecting  sites  for  antenna  placement. 
Depending  on  the  intended  application  both  of  these 
methods  are  either  wholly  impractical  or  quite  impossible 
to  implement.  In  a  bid  to  offer  more  acceptable  means  for 
reducing  the  effects  of  multipath  NovAtel  has 
concentrated  on  a  regime  of  advanced  signal  processing 
techniques  which  eliminate  the  requirement  for  ground 
plane  choke  rings  and  avoid  the  need  for  careful  site 
selection. 


Multipath  Elimination  Technology  (MET) 

Narrow  Correlator  technology  is  inherently  immune  to  the 
effects  of  multipath.  In  a  standard  Narrow  Correlator 
design  the  power  of  the  early  and  late  correlators  is 


equalized.  However,  in  the  presence  of  multipath,  the 
correlation  function  is  affected  in  such  a  way  that  is  non- 
symmetric  and  skewed  (Figure  3). 


Figure  3:  Tracking  Error  Due  to  Multipath 


Although  the  power  of  the  early  and  late  correlators  has 
been  equalized,  it  is  easy  to  see  that  a  tracking  error  still 
results. 

MET  differs  significantly  from  the  Narrow  Correlator 
method  outlined  above  —  it  adds  two  additional 
correlators  (one  either  side  of  the  correlation  function’s 
peak)  so  that  there  are  two  early  correlators  and  two  late 
correlators.  Rather  than  equalizing  the  power  at  the 
correlators,  MET  positions  the  correlators  either  side  of 
the  peak  of  the  correlation  function  (Figure  4). 
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Figure  4:  Early  Late  Slope  (ELS)  Technique 


By  positioning  the  correlators  in  such  a  way  early  slope 
and  the  late  slope  information  is  determined.  The  early 
late  slope  (ELS)  information  is  then  used  to  correct  the 
receiver’s  delay  lock  loop  thereby  reducing  the  effects  of 
multipath. 

Extensive  testing  has  demonstrated  that  MET  is  effective 
at  removing  25%  to  50%  of  residual  code  multipath. 
MET  is  available  as  a  firmware  upgrade  for  any  12 
channel  NovAtel  GPSCard  —  operation  is  totally 
transparent  to  the  user,  there  is  no  impact  on  data  latency 
times  or  data  update  rates,  and  there  is  always  an 
improvement  in  pseudorange  quality  in  the  presence  of 
multipath. 

Multipath  Estimating  Delay  Lock  Loop  (MEDLL) 

Patented  MEDLL  technology  offers  a  far  more  rigorous 
approach  to  the  reduction  of  multipath  effects  than  that  of 
MET.  In  essence,  MEDLL  extends  the  MET  concept 
further  by  adding  multiple  correlators  so  that  the  shape  of 
the  entire  correlation  function  can  be  determined 
(Figure  5). 


Figure  5:  Multiple  Correlator  Sampling  of  the 
Correlation  Function 


Each  estimated  multipath  correlation  is  then  subtracted 
from  the  measured  correlation  function.  The  net  effect  of 
this  process  results  in  an  estimate  of  the  direct  path 
correlation  function.  All  that  remains  is  to  apply  a 
standard  early-late  delay-lock-loop  to  the  direct  path 
component,  thereby  providing  an  optimal  estimate  of  the 
code  loop  tracking  error. 

First  prototypes  of  the  MEDLL  concept  were  successfully 
tested  on  a  signal  channel  receiver  design  over  a  year  ago. 
Since  that  time  the  MEDLL  concept  has  been  extended 
and  implement  in  a  full  12  channel  receiver  design  which 
necessitates  the  use  of  multiple  GPSCards.  Each 
GPSCard  in  the  MEDLL  receiver  is  linked  to  one 
common  RF  deck  and  an  OCXO  which  minimizes 
inter-channel  biases.  The  MEDLL  receiver  features 
exactly  the  same  data  interface  as  a  NovAtel  GPSCard. 

In  April  1995  MEDLL  receivers  were  used  during  101 
successful  Category  III  landings  which  were  performed 
by  Wilcox  Electric  at  the  FAA  Tech.  Center.  The  same 
MEDLL  technology  is  incorporated  in  those  receivers 
which  will  be  delivered  to  Wilcox  Electric  for  use  in  the 
FAA’s  WAAS  program. 

Tests  have  demonstrated  that  MEDLL  receivers 
successfully  account  for  some  90%  of  the  residual 
multipath  effect. 

To  date,  MEDLL  technology  has  been  used  to  estimate 
and  remove  code  multipath.  The  next  step  in  the 
technology’s  development  concentrates  on  removal  of 
phase  multipath.  It  is  also  thought  that  there  may  be  some 
scientific  interest  in  producing  a  version  of  the  MEDLL 
receiver  which  can  serve  as  a  “multipath  meter.”  The 
utility  of  such  a  receiver  will  be  examined. 

For  a  full  insight  into  MET  and  MEDLL  technologies  the 
interested  reader  is  directed  towards  Townsend  &  Fenton 
(1994),  Townsend  et  ah  (1995a  and  1995b),  and  van  Nee 
etaL  (1994). 

DUAL-FREQUENCY  TECHNOLOGY 

NovAtel’s  MiLLenium  dual-frequency  receiver  features 
two  custom  designed  ASIC  12  channel  correlator  chips  to 
give  a  total  of  24  configurable  tracking  channels.  In  its 
standard  configuration  MiLLenium  independently  tracks 
Narrow  Correlator  C/A-code  on  LI,  P-code  on  L2  (AS 
on),  and  provides  full  wavelength  phase  observations  on 
LI  and  L2. 


MiLLenium  follows  the  same  philosophy  as  current 
NovAtel  LI  GPSCards  and  offers  extremely  robust 
tracking  loops,  high  quality  low  noise  observations 


MEDLL  decomposes  the  correlation  function  into  its 
direct  and  multipath  components  —  the  amplitude,  delay, 
and  phase  of  each  multipath  component  is  estimated. 
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available  at  high  update  rates  (up  to  10  Hz),  rapid  position 
update  rates  (up  to  5  HZ),  and  enhanced  EMI  immunity 
which  is  achieved  through  a  combination  of  2.5  bit 
sampling  on  the  receiver’s  front  end  and  a  well  designed 
RF  deck. 

The  receiver  is  in  OEM  Eurocard  format  and  features  the 
same  electrical  interface  as  current  NovAtel  GPSCards. 
The  receiver's  user  interface  also  remains  the  same  as 
existing  GPSCards.  Therefore,  the  transition  from  LI  to 
dual-frequency  should  be  effortless  for  the  vast  majority 
of  existing  NovAtel  GPSCard  users. 

The  receiver  accepts  position  and  velocity  aiding  from 
INS  units,  and  has  hooks  to  accommodate  the  GLONASS 
system.  MiLLenium  accepts  5  Mhz  and  10  Mhz  external 
frequency  standards,  and  a  real-time  2  cm  option  will  be 
offered  shortly  after  production  units  ship. 

MiLLenium  uses  patent  pending  P-code  Delayed 
Correlator  Technology  in  order  to  track  the  L2  P-code. 


END-USER  PRODUCTS 

NovAtePs  innovative  Narrow  Correlator  OEM  GPSCard 
first  came  to  market  in  late  1992.  Since  that  time  the 
company  has  established  a  solid  reputation  as  a 
manufacturer  of  high  performance  OEM  receivers. 
NovAtel  is  augmenting  its  line  of  OEM  products  by 
adding  end-user  products  targetted  at  specific 
applications.  The  first  of  such  product  offerings  are 
aimed  at  hydrographic  and  GIS  users.  A  fully-featured 
Windows®-based  post-processing  package  will  also  be 
offered  in  1996. 


Hydrographic  Surveyor,  GPSDredger, 
and  HYPACKTM 

NovAtel  GPS  has  entered  into  a  distribution  agreement 
with  Coastal  Oceanographies  Inc.  to  distribute 
HYPACK^M  software  with  Hydrographic  Surveyor  and 
GPSDredger  GPS  receivers. 

The  Hydrographic  Surveyor  is  available  as  a  PC  card 
receiver  or  as  an  environmentally  sealed  Narrow 
Correlator  receiver  —  both  units  accept  RTCM  104 
differential  corrections  and  both  are  compatible  with 
Coast  Guard  Beacon  Receiver  corrections.  Metre-level 
positions  are  available  at  user-selectable  rates  as  high  as 
10  Hz,  and  raw  data  can  be  logged  for  post-processing  at 
rates  as  high  as  20  Hz.  A  full  upgrade  path  to 
GPSDredger  is  also  offered. 


GPSDredger  (also  available  in  PC  format  or  packaged 
format)  offers  the  same  feature  set  but  adds  real-time  20 
centimetre  RT-20  technology.  GPSDredger  accuracies 
are  available  only  when  using  reference  stations  that 
transmit  RT-20  messages  —  these  could  be  from  local 
NovAtel  reference  receivers  or  from  ACCQPOINT’s 
RTK-FM  service.  Coast  Guard  Beacon  Receivers  are  not 
capable  of  broadcasting  the  necessary  reference  station 
data.  In  RT-20  mode  positions  are  available  at  rates  as 
high  as  5  Hz. 

Both  receivers  are  offered  as  part  of  a  complete  packaged 
solution  that  includes  Coastal  Oceanographic’s  HYPACK 
software.  HYPACK  for  Windows®  is  a  complete 
hydrographic  surveying  and  dredging  software  package 
which  includes  modules  for: 

•  survey  design 

•  data  editing  and  sorting 

•  digitizing  and  plotting 

•  volume  computations 

•  data  collection 

•  DXF  import/export 

•  cross  sections 

Apart  from  adding  full  support  for  NovAtel  receivers, 
HYPACK  also  supports  multiple  hydrographic  sensors 
including  echo  sounders,  side  scan  sonar,  magnetometers, 
gyro  compasses,  heave-pitch-roll  sensors,  and  many 
others. 


GISMO  (GIS  Mobile) 

Following  a  recent  teaming  agreement  with  GIS  experts 
ViaSat  Technologies  of  Montreal,  NovAtel  now  offers  its 
first  entry  product  into  the  GIS  market.  The  GISMO 
(GIS  Mobile)  is  a  complete  backpack  system  which 
includes  a  ruggedized  Narrow  Correlator  receiver,  battery, 
antenna,  controller,  and  all  cabling.  The  backpack  was 
custom  designed  by  mountaineers  to  offer  day-long 
comfort  and  ease-of-use,  and  features  novel  routing 
channels  so  that  cabling  is  tucked  away  neatly. 

Included  in  the  GISMO  package  is  a  Windows®  post¬ 
processing  package  that  offers  interactive  or  batch 
pseudorange  differential  processing  for  metre-level 
accuracy.  The  software  offers  a  host  of  useful  features 
including: 

•  overlaying  of  ortho-rectified  vector  and  raster  images 

•  GPS  and  vector  editing  —  simple  CAD  functions, 
distance  and  area  computations 

•  user  defined  data  dictionaries 

•  attribute  and  position  querying 

•  export  to  DXF,  ASCII,  dBase,  and  others 
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•  support  for  multiple  datums  and  map  projections 

•  analysis  tools  for  data  integrity 

In  the  field,  the  hand-held  controller  software  gives  the 
user  maximum  flexibility  to  control  the  collection  and 
attribute  tagging  of  GPS  data.  Audible  and  visual  alarms 
alert  the  user  to  problems  such  as  poor  GDOP,  too  few 
satellites,  loss  of  radio  link  etc.  etc.  Real-time  code 
differential  and  RT-20  upgrades  are  available  for 
GISMO,  and  MET  technology  is  included  as  a  standard 
feature  to  help  counter  the  effects  of  multipath. 

GISMO  packages  are  available  with  or  without  the 
controller,  and  GISMO  ships  with  controller  software  for 
DAP  9000,  Corvallis,  and  Husky  FS2  units  so  that 
reinvestment  in  costly  hand-held  data  collectors  is  not 
always  required. 

SUMMARY 

Plans  for  new  and  emerging  products  from  NovAtel  have 
been  discussed.  In  future  months,  expect  to  see  more 
technology,  more  end-user  products,  and  more  teaming 
agreements. 
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ABSTRACT 

Space  Systems/Loral,  a  leading  manufacturer  of 
meteorological  and  communications  satellites, 
introduces  GPS  Tensor™,  a  space-qualified,  solid-state, 
GPS  attitude  and  orbit  determination  receiver.  This 
single  compact  receiver  offers  13  output  states  of 
navigation  and  attitude  information  for  guidance  and 
control  of  space  vehicles  from  launch  to  orbit.  The 
GPS  Tensor™  is  an  ideal  replacement  for  conventional 
attitude  determination  equipment  such  as  earth  sensors, 
sun  sensors,  and  gyros.  Accurate  trajectory  navigation 
can  be  accomplished  without  employment  of  an 
extensive  worldwide  tracking  network.  GPS  Tensor™ 
delivers  roll,  pitch  and  yaw  angles,  rates,  position, 
velocity,  time  and  filtered  orbit  determination  using  a 
continuously  tracking  LI,  C/A  code  receiver. 

The  GPS  Tensor™  comprises  two  major  subassemblies; 
the  receiver/processor  unit  (RPU)  with  a  RS-422 
interface,  and  four  patch  antennas  and  preamps.  The 
attitude  determination  receiver  consists  of  single  or 
redundant  circuit  cards  which  makes  it  ideal  for  RPU 
embedded  applications.  It  accepts  a  wide  range  of  input 
voltages  and  consumes  less  than  12  watts  of  power. 

The  GPS  Tensor™  is  the  first  space  flight  qualified  GPS 
attitude  and  orbit  determination  receiver  and  will  provide 
reliable,  long  life  service  in  radiation  environments  up 
to  100  kRad,  in  addition  to  withstanding  the  wide 


variety  of  shock,  vibration  and  temperature  extremes 
eiKountered  in  space. 

INTRODUCTION 

The  GPS  Tensor™  is  planned  as  a  replacement  for 
conventional  attitude  and  ground  orbit  position 
determination  equipment  which  when  joined  with  a 
reaction-momentum  wheel  and  magnetic  devices  results 
in  a  simplified  and  reliable  spacecraft  pointing  and 
navigation  system.  Filtered  navigation  is  generated 
without  ground  observation  and  data  processing. 

SYSTEM  DESCRIPTION 

The  GPS  Tensor™  is  a  continuous  tracking,  LI,  C/A 
code  receiver.  The  fully  redundant  unit  is  comprised  of 
the  dual  receiver  processor  unit  (RPU)  with  a  duplex 
RS-422  interface,  and  four  patch  antennas  connected 
through  an  assembly  of  four  preamplifier  each  with  split 
outputs.  The  system  works  with  power  voltages 
between  14  and  40  V  dc  using  about  12  watts  per 
receiver  side.  The  mass  of  the  system,  the  dual  receiver, 
preamp  package  and  antennas,  is  under  3.5  kg.  The 
receiver  is  qualified  to  operate  in  space  environments  up 
to  100  kRad  of  radiation. 

The  system  raw  position  accuracy  is  100  meters  with 
Selective  Availability.  The  navigation  outputs  at  1  Hz 
are  dynamically  filtered.  Orbit  semi-major  axis 
estimates  are  within  20  meters.  A  Receiver 
Autonomous  Integrity  Monitoring  (RAIM)  algorithm 
detects  potential  failures  and  eliminates  them  from  being 
processed  while  allowing  corrective  selection  of 
available  signals  for  navigation.  An  attitude  "Dilution 
of  Precision"  calculation  is  also  performed.  A  1  Hz 
precision  time  reference  pulse,  PPS,  is  accurate  within  a 
microsecond  of  the  GPS  time  data.  The  attitude  and  rate 
accuracy  are  O.r  and  0.17s  RMS  (for  a  1.5  meter 
baseline),  respectively,  and  are  output  at  10  Hz. 

Detailed  specifications  arc  included  on  the  next  page. 
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GPS  Receiver  for  Attitude  and  Orbit  Determination 


Description  and  Features 

Receiver:  Space  qualified,  continuous,  LI,  C/A 

code  Attitude  and  Standard  Position 
Service  (SPS),  and  time  reference  receiv¬ 
er.  For  embedded  (board  set),  integrated 
(sensor  unit),  or  stand-alone  applications. 

Antenna:  Array  of  3  or  4  low  profile  antennas 

biased  and  controlled  by  the  receiver. 

Can  be  tailored  to  the  satellite  platform 
installation. 

Attitude  Real-time  measurement  of  roll,  pitch,  and 

determination:  yaw  output  up  to  1 0  times  per  second. 

Position/velocity  Three  dimensional  position  determina- 

determination**:  tion  to  100  m  SEP.  Velocity  determina¬ 

tion  to  0.1  m/s.  Dynamic  filtering  for 
orbit  determination. 

Differential  GPS  RTCM  (SC-1 04)  corrections  can  be  sup¬ 
position:  plied  for  precise  differential  positioning. 

Position  coordi-  Selectable  orbit  coordinate  systems 

nate  systems:  output  in  XYZ  (ECl),  Keplerian. 

TTFF  (position):  30  minutes  cold  start,  3.0  min.  warm  start 

TTFF  (attitude):  Application  dependent  (<30  sec.  nom.) 

Interface:  Dual,  full  duplex  RS-422 

Redundant-RPU  3.3  kg 

weight: 

Redundant-RPU  74  mm  x  275  mm  x  170  mm 

dimensions: 

Preamp  51  mm  x  138  mm  x  76  mm 

dimension: 

Preamp  weight:  0.4  kg 

Antenna  weight:  0.1  kg  each 

Antenna  73  mm  x  73  mm  x  5.7  mm 

dimensions:  (single  element) 

Input  voltage:  14-23  V  dc  (18  nom.) 


Environmental 

Operating  temp.:  RPU  &  Preamp:  -20°C  to  +60°C 
Antenna:  -70°C  to  +60°C 

Non-Operating:  -40°C  to  +65°C 

Shock:  Operating:  40  g  for  1 1  milliseconds 

Endurance:  0.09  gVHz,  100  to 
1,100  Hz 

Random  vibration:  Operating:  0.04  gVHz,  100  to  1,100  Hz 
Durance:  0.09  gVHz,  100  to 
1,100  Hz 

Vacuum/pressure:  <1  x  10'^torr 

Humidity:  100%  condensing 

EMI/EMC:  MIL-STD-461C,  Class  Ala 

Radiation:  100  kRad  SI 

Reliability  Ps  =  0.95  single  string 

(10  years):  =  0.99  redundant 

Operational  Features: 

•  Self  correcting  hardware/firmware  to  mitigate  SEU  effect 

•  Self-surveying  antenna  installation 

•  No  attitude  or  position  initialization  required 

•  Simultaneous  tracking  up  to  9  satellites  through  4  antennas 

Accuracy 

Attitude*:  Roll:  O.r(RMS)  Roll  Rate:  0.57sec 

Pitch:  O.r(RMS)  Pitch  Rate:  0.57sec 

Yaw:  0.1°  (RMS)  Yaw  Rate:  0.57sec 

Orbit**:  After  dynamic  filtering  (orbit  dependent) 

Semi-major  axis  <20  m 

Eccentricity:  1 0'^ 

Inclination:  10’^  radians 

RAAN  10'^  radians 

Arg.  of  perigee  10*^  radians 

Mean  anomaly  10”^  radians 

Time:  1  sec  ±  1  psec  GPS  time 


Input  power:  <1 5  Watts 

*Note:  Attitude  accuracy  is  dependent  on  antenna  separation  and  multipath  0.1°  (la)  at  «1 .5  m  baseline. 

**Note:  All  GPS  receivers  are  subject  to  degradation  of  position,  velocity,  and  time  accuracies  under  Department  of  Defense  imposed  Selective 
Availability  (S/A).  Attitude  accuracies  are  not  affected  by  S/A. 

For  further  information  contact:  Specifications  subject  to  change  without  notice. 

Business  Development 
Space  Systems/Loral 
3825  Fabian  Way 
Palo  Alto,  CA  94303-4697 
(41 5)  852-6802,  FAX  (41 5)  852-4940 
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ABSTRACT 

The  HGA-D  fiber-optic  gyroscope  is  the  most  recent 
product  introduction  in  Hitachi  Cable  Ltd.'s  line  of 
gyroscopes  for  land  vehicular  applications.  The  HGA-D 
functions  as  a  complement  to  the  GPS  receiver  in 
navigation  and  location  systems.  The  HGA-D  provides 
dead  reckoning  information  required  for  route  guidance 
and  improves  the  overall  system  performance,  especially 
in  environments  where  the  GPS  receiver  may  be 
shielded  from  satellite  signals. 

With  the  HGA-D  design,  Hitachi  has  reduced  the  size 
and  the  manufacturing  cost  compared  to  previous  product 
generations.  These  improvements  have  been  achieved 
without  compromising  the  high  performance  and 
reliability  of  previous  FOG  designs.  Thousands  of 
Hitachi  Cable  FOGs  are  currently  being  used  in 
automotive  navigation  systems  in  Japan,  where  they  have 
operated  failure-free  for  the  past  three  years,  as  well  as  in 
a  variety  of  systems  in  the  US  and  Europe. 

In  this  paper,  we  will  briefly  describe  the  FOG  operating 
principle,  basic  design  and  benefits  before  focusing  on 
specific  performance  attributes  of  the  HGA-D.  In 


particular,  we  will  discuss  how  the  HGA-D  is 
incorporated  into  vehicular  systems  that  use  GPS.  We 
will  describe  how  the  FOG  has  been  designed  to  be 
highly  reliable  in  vehicular  environments.  We  will  also 
provide  an  overview  of  future  directions  for  FOG  product 
improvement. 

Introduction 

The  Hitachi  HGA-D  fiber-optic  gyroscope  (FOG)  is  the 
latest  generation  of  products  designed  for  use  as  a  dead 
reckoning  sensor  in  vehicle  navigation  systems.  The 
HGA-D  relies  on  the  proven  technology  of  the  ail-fiber 
open  loop  FOG  design  -  the  same  basic  design  that  has 
met  the  demands  of  the  automotive  environment  in 
systems  that  have  been  on  the  road  for  the  past  5  years. 

The  HGA-D  meets  all  of  the  technical  requirements  for 
vehicle  navigation  system  applications,  while  featuring 
reduced  size  and  weight  from  previous  generation  FOGs. 
Investment  in  improved  assembly  techniques  and 
automation  of  component  fabrication  has  simplified  the 
manufacturing  process  and  led  to  significant  reductions 
in  manufacturing  costs  making  the  HGA-D  attractive  for 
automotive  system  designers.  The  HGA-D  is  currently 
being  produced  at  rates  of  tens  of  thousands  annually. 

In  this  product  announcement,  we  will  describe  the  basic 
operating  principle  for  the  FOG  and  review  the  HGA-D 
optical  and  electronic  architecture  We  will  present  the 
general  specification  for  the  HGA-D  and  discuss 
environmental  test  results.  We  will  also  describe  how 
failure  mode  evaluation  analysis  was  used  as  a  tool  to 
design  reliability  into  this  product.  Finally  we  will 
discuss  future  development  efforts  to  improve  FOG 
products  for  automotive  systems.. 

Basic  FOG  Operating  Principle 

The  operating  principle  of  the  FOG  is  based  on  the 
Sagnac  effect,  which  describes  the  relative  difference  in 


pathlength  traveled  by  counter-propagating  beams  of 
light  in  a  rotating  reference  frame.  Figure  i  shows 
counter-propagating  light  beams  launched  into  a  closed 
path,  such  as  an  optical  fiber  coil,  from  a  beamsplitter, 
which  is  at  the  point  BS.  When  the  fiber  coil  is  not 
rotating,  the  two  beams  of  light  travel  exactly  the  same 
path  before  being  recombined  at  BS.  In  the  case  where 
the  coil  is  rotating  during  the  time  which  it  takes  for  the 
light  to  transit  the  coil,  the  beamsplitter  moves  from  BS 
to  BS'  (for  a  counter-clockwise  rotation).  The  two  beams 
arrive  at  the  beamsplitter  at  different  times  since  they 
have  traveled  different  distances  through  the  coil.  The 
path  length  difference,  AL,  is  given  by: 

AL  =  m.a  (1) 

c 

where  R  is  the  radius  of  the  coil,  L  is  the  length  of  fiber 
in  the  coil,  c  is  the  speed  of  light  in  a  vacuum,  and  Q  is 
the  rotation  rate.  Note  that  the  pathlength  difference  is 
directly  proportional  to  the  rotation  rate. 


Figure  1.  The  principle  of  the  Sagnac  effect.  When 
viewed  from  a  rotating  reference  frame,  two  counter- 
propagating  beams  of  light  travel  different  distances 
through  a  closed  path. 

In  the  FOG,  an  interferometric  technique,  which  detects 
the  change  in  output  intensity  for  the  interference 
between  the  two  counter-propagating  beams,  is  used  to 
measure  the  pathlength  difference.  The  rotation  rate  can 
be  directly  determined  by  this  technique. 

Open  loop  all-flber  FOG 

Figure  2  is  a  schematic  representation  of  an  open  loop 
all-fiber  FOG.  The  term  "all-fiber"  refers  to  the  fact  that 
the  beamsplitters,  polarization  control  elements  and 
modulator  are  all  built  from  optical  fiber.  The 
beamsplitters  in  this  case  are  fiber-optic  couplers.  The 
polarization  control  elements  include  a  polarizer,  made 
from  elliptical  jacket  fiber,  and  a  sensing  coil  made  from 


elliptical  core  polarization-maintaining  (PM)  fiber. 
Elliptical  core  fiber  meets  the  technical  requirements  for 
the  FOG  design  at  a  much  lower  cost  than  traditional 
stress-rod  type  PM  fibers.  The  phase  modulator  uses  a 
length  of  fiber  wound  on  a  PZT  cylinder.  Details  on 
these  components  and  on  the  signal  processing  scheme 
used  have  been  published  previously.  ^ 


Figure  2.  The  open  loop  all-fiber  FOG  configuration. 
This  type  of  FOG  is  in  mass  production  for  FOG/GPS 
vehicle  navigation  systems. 

The  open  loop  all-fiber  FOG  has  been  in  mass  production 
since  1992.  It  has  met  all  of  the  technical  requirements 
for  navigation  and  location  systems,  including 
environmental  performance. 

Benefits  of  FOG  technology 

The  FOG  offers  several  advantages  when  compared  to 
other  dead  reckoning  sensor  technologies,  including: 

•  high  reliability 

•  superior  technical  performance 

•  environmental  ruggedness 

•  consistent  unit-to-unit  performance 

•  compact  size 

•  light  weight 

•  quick  start-up. 

The  FOG  is  inherently  reliable  due  to  the  absence  of 
moving  parts.  Its  key  component  technologies,  the  light 
source  and  the  optical  fiber,  have  established  reliability 
track  records  based  on  use  in  CD  players  for  consumer 
electronics  and  in  fiber-optic  cable  for  the 
telecommunications  industry,  respectively.  Other 
components  have  been  designed  using  FMEA  tools  in 
order  to  build  reliability  into  the  FOG. 

Both  consumers  and  system  makers  benefit  from  these 
FOG  attributes.  Consumers  demand  high  functionality 
and  100%  system  operation  -  especially  in  congested 
urban  areas.  The  FOG  offers  a  performance  advantage 
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and  proven  reliability  making  it  possible  to  meet  these 
consumer  needs. 

System  makers  count  on  the  FOG’s  consistent 
performance  to  simplify  assembly  processes,  by 
eliminating  the  need  for  expensive  calibration  and 
customization  steps. 


Operating  temperature  -30  to  +75°  C 

Storage  temperature  -40  to  +85°  C 

Power  supply  +12  V  DC 

Dimensions  120  x  50  x  170  mm 

Weight  1  kg 


HGA-D  design  and  performance  specifications 


Figure  3  shows  the  schematic  configuration  of  the  optical 
and  electronic  components  of  the  HGA-D.  The 
electronics  consist  of  four  lock-in  amplifiers,  a  timer,  and 
a  single  chip  microcomputer  containing  a  10  bit  A/D 
converter  with  serial  communication  interface.  The 
rotation  rate  is  determined  by  the  harmonic  ratio  method 
using  the  proper  frequency  of  21.7  Hz. 


I  p 

•►iiv 


Rgure  3.  Schematic  representation  of  the  main  optical 
and  electronic  components  of  the  HGA-D. 


Table  2  summarizes  the  environmental  requirements  for 
automotive  applications  along  with  the  results  for  the 
HGA-D. 


Table  2.  Environmental  test  conditions  for  HGA-D  for 
navigation  and  location  systems 


Test  Condition  Result 

High  temperature  operation  75°  C,  500  hr.  Pass 

Low  temperature  operation  -30°C,  250  hr.  Pass 

Heat  shock  -40  to  +85°C,  2  hr./cycle  Pass 

1500  cycles 

Vibration  8  to  200  Hz,  2.5  G  Pass 

X,  y,  and  z  axes,  17  hr.  each 

Shock  80  G  Pass 


X,  y  and  z  axes,  3  times  each 


Table  1  shows  the  technical  specification  for  the  HGA-D. 
This  specification  has  been  developed  based  on  the 
intended  use  in  vehicle  navigation  systems  where  the 
FOG  works  in  conceit  with  a  GPS  receiver  to  provide 
position  information  to  the  onboard  navigation  computer. 

Table  1.  Performance  specification  for  the  HGA-D  FOG. 

Input  rate  range  ±  60  deg/s 

Random  walk  4  deg/Vhr. 

Initial  bias  ±  0.2  deg/s  (without  zero 

adjust) 

Scale  factor  error  <  1  % 

Frequency  response  16  Hz 

Warm  up  time  3  s  (typical) 

Output  Serial  (TTL) 


Future  design  improvements 

The  HGA-D  is  the  latest  product  in  the  evolution  of  FOG 
technology  to  reach  mass  production  quantities;  however, 
based  on  the  anticipated  demands  for  continuing 
improvement  in  product  performance,  reducting  size  and 
weight,  and  meeting  cost  reduction  targets,  work  on  the 
next  generation  FOG  is  already  begun.  The  next 
generation  FOG  will  employ  an  integrated  optical  circuit 
(IOC)  to  reduce  the  number  of  optical  components  and 
assembly  operations  required  along  with  a  digital  signal 
processing  scheme.  The  combination  of  these  features 
will  improve  the  FOG  technical  performance  while 
reducing  size,  weight  and  manufacturing  cost.  Recent 
progress  on  this  design  has  been  reported  in  another 
paper  at  this  meeting. 
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Summary 

The  HGA-D  is  a  mass-produced  FOG  designed  for  use  in 
automotive  navigation  systems.  This  gyro  meets  the 
technical  requirements  for  automotive  use  and  offers  all 
of  the  benefits  of  the  proven  open-loop  FOG  technology. 
Efforts  are  underway  to  develop  the  next  generation  FOG 
using  an  IOC.  This  type  of  FOG  is  seen  as  the  successor 
to  the  HGA-D  model  for  automotive  applications. 
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ABSTRACT 

Honeywell  has  introduced  a  Differential  GPS  (DGPS) 
Local  Area  Augmentation  System  (LAAS)  that  meets 
the  requirements  of  RTCA/DO-21 7  (Minimum  Aviation 
System  Performance  Standards  DGNSS  Instrument 
Approach  System:  Special  Category  I).  Honeywell 
provides  a  total-system  approach  with  both 
ground-based  and  airborne  equipment.  This  paper 
describes  Honeywell’s  Fail  Operational  DGPS  ground 
based  equipment. 

Honeywell’s  SLS-2000  Fail  Operational  DGPS 
Ground  System  is  unique  in  that  the  architecture 
allows  for  continued  operation  in  the  presence  of  faults 
with  less  hardware  than  traditional  systems. 

Basic  system  operation  consists  of  multiple  differential 
correction  processors  (DCP)  that  are  synchronized  by 
a  fault  tolerant  clock  resident  in  each  processor 
function.  Each  DCP  receives  serial  input  data  from 
remote  GPS  reference  receivers  to  assure  that  all 
operations  are  performed  using  identical  input  data. 
The  DCPs  then  calculate  the  differential  corrections 
and  perform  multiple  integrity  checks  on  the  GPS 
reference  receiver.  The  output  of  each  processor  is 
compared  (bit  for  bit)  using  a  patented  and  proven 
Honeywell  technique.  Upon  successful  comparison, 
the  data  is  output  to  the  RF  datalink  for  transmission. 


HONEYWELL  MARKET  PRESENCE 

Honeywell  is  the  world’s  leading  supplier  of  avionics 
systems  and  subsystems  for  both  civil  and  military 
aircraft,  from  small  turboprop  commuters  and 
corporate  business  jets  to  large  air  transport,  cargo 
and  fighter  aircraft.  With  more  than  50  years  of 
experience  in  aircraft  avionics  and  services, 
Honeywell  continues  to  provide  leading  edge 
technology  systems  to  meet  the  challenges  of  the  ever 
changing  aviation  industry.  As  the  industry  has 
matured  and  air  traffic  has  grown,  increased  demands 
have  been  placed  on  air  traffic  management,  pilot 
workload,  and  airport  operations,  with  added 
emphasis  on  reliability,  system  integrity  and  operating 
cost.  Honeywell  continues  to  meet  these  challenges 
and  is  today  the  full  cockpit  avionics  supplier  for  many 
aircraft  while  serving  as  a  major  subsystem  supplier  on 
most  other  aircraft. 

With  this  experience  and  total  systems  approach, 
Honeywell  is  in  a  unique  position  to  support  the 
aviation  industry  in  lowering  cost,  increasing  traffic 
capacity  and  advancing  the  technology  of  air  traffic 
management  in  the  future. 

HISTORY  OF  HONEYWELL’S  GPS  EXPERIENCE 

Honeywell  has  a  long  history  of  providing  GPS 
technology  to  military,  air  transport  and  general 
aviation  aircraft.  Honeywell  has  conducted  numerous 
GPS  and  DGPS  flight  test  demonstrations  for  aircraft 
manufacturers,  the  FAA  and  other  certification 
authorities  world-wide. 

Honeywell  also  has  a  long  history  of  developing  GPS 
certification  requirements  and  architecture 
characteristics.  Honeywell  has  charter  members  of 
both  the  SC-159  subcommittee  of  RTCA  and  the 
ARINC  743  subcommittee  of  AEEC  and  has 
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participated  in  writing  numerous  sections  of  the  ARINC 
743,  ARINC  755,  DO-208  and  DO-217  documents. 

Honeywell  began  development  of  GPS  technology  In 
1 986  with  the  design  of  a  two-channel,  fast  sequencing 
GPS  Sensor  Unit  housed  in  an  Inertial  Reference  Unit 
(IRU).  This  device  was  successfully  flight  tested  by 
Boeing  on  their  767  flight  test  aircraft.  The  same 
design  was  also  successfully  tested  at  Airbus  on  their 
A310  flight  test  aircraft. 

Development  of  our  first  ARINC  743  compliant, 
two-channel,  all-ln-view  receiver  began  in  1988  when 
the  ARINC  characteristic  started  to  materialize.  This 
unit  was  TSO’d  in  1 990  and  is  flying  on  many  business 
aviation  aircraft  types  with  over  575  units  shipped. 
Boeing  flight  tested  the  device  in  fall  of  1 990  during  the 
certification  of  the  737-500  FMS.  This  device  also 
received  the  world’s  first  non-precision  approach 
certification  in  December  1993. 

In  the  fall  of  1990,  Honeywell  and  NASA  joined  forces 
to  demonstrate  the  potential  of  differential  GPS  to 
provide  guidance  for  precision  approach.  During  these 
tests,  34  Category  III  touchdowns  were  performed 
using  the  Honeywell  IRS/DGPS  integrated  navigation 
system. 

Honeywell  teamed  with  the  FAA  to  determine  the 
feasibility  of  providing  position  accuracies  sufficient  for 
non-precision  and  precision  approaches  using 
commercially  available  GPS  sensors.  Honeywell 
instrumented  their  GIV  aircraft  with  a  complete 
GPS/IRS  navigation  and  a  data  acquisition  system. 
The  aircraft  was  flown  at  the  FAA  Tech  Center  where 
the  approaches  were  monitored  with  a  laser  tracker. 
The  results  of  these  tests  were  presented  at  the  ION 
Conference  in  September  1992. 

In  1992,  Honeywell  teamed  with  Canadian  Marconi 
Corporation  to  develop  an  ARINC  743  12-channel 
GNSSU  for  air  transport  category  aircraft.  The  device 
was  certified  for  general  aviation  aircraft  in  January  of 
1 994  and  certified  on  both  Boeing  and  Airbus  aircraft  in 
early  1995.  The  Honeywell/CMC  GNSSU  was 
certified  on  the  first  flight  of  the  Boeing  777  in 
mid-1995.  Honeywell  has  delivered  over  800 
12-channel  certified  GPS  receivers  to  date. 

Honeywell  continues  to  develop  the  DGPS  technology 
with  our  participation  in  Boeing’s  Category  NIB  flight 
test  evaluation.  In  late  July  and  early  August  this  year, 
a  NASA  owned  Boeing  757  successfully  completed 
CAT  IIIB  automatic  landings  at  NASA’s  Wallops  Island, 
VA  flight  test  facility.  The  GPS  CAT  1116  flight  test 
program  was  collaborative  effort  between  NASA, 
Boeing,  and  four  avionics  industry  teams:  Honeywell, 
Collins/DASA,  Utton/Wilcox,  and  Interstate 
Electronics.  Each  entity  had  a  unique  role  in  the 
program ;  NASA  supplied  the  757  aircraft  and  flight  test 
facility,  Boeing  supplied  the  pilots,  ground  crew. 


maintenance,  flight  test  personnel  and  performed  the 
aircraft  modifications  for  flight  test,  and  the  industry 
teams  supplied  the  prototype  DGPS  landing  systems. 

During  the  75  CAT  IIIB  automatic  landings  performed 
during  the  Honeywell  phase  of  flight  testing,  the 
Honeywell  DGPS  landing  system  replaced  the 
instrument  landing  system  (ILS)  receiver  with  a  DGPS 
solution  that  provided  equivalent  lateral  and  vertical 
guidance  signals  to  the  airplane’s  autopilot.  The 
autopilot  used  the  DGPS  lateral  and  vertical  guidance 
signals  to  control  the  plane  down  the  glideslope  to 
landing  and  then  used  the  DGPS  lateral  guidance 
signal  on  the  runway  after  touchdown  to  keep  the 
airplane  on  the  runway  centerline  during  rollout. 

Preliminary  performance  data  from  the  Honeywell 
system  shows  that  the  predicted  system  accuracy  of 
approximately  1-2  meters  was  achieved.  Over  the 
coming  months,  Boeing  will  process  all  of  the  recorded 
data  in  a  simulation  of  the  entire  airplane/GPS 
environment  to  determine  the  accuracy  of  each 
system  and  the  behavior  of  each  system  under  various 
simulated  failure  conditions.  The  simulation  results 
will  then  be  used  to  help  guide  the  creation  of  the 
requirements  for  future  DGPS  precision  landing 
systems. 

Honeywell  has  teamed  with  Canadian  Marconi 
Corporation  and  Pelorus  Navigation  Systems  Inc.  to 
develop  the  DGPS  Ground  Station.  CMC  will  provide 
the  GPS  receiver  and  Pelorus  will  develop  the  datalink 
function  and  the  ground-system  chassis. 

SCAT  I  DIFFERENTIAL  GPS  CONCEPT 

GPS  has  many  advantages  over  existing  navigation 
aids  in  that  it  provides  highly  accurate,  world-wide 
coverage,  and  can  provide  navigation  for  all  phases  of 
flight.  However,  in  order  to  provide  precision  approach 
navigation  capability,  the  GPS  system  must  be 
augmented  to  provide  increased  accuracy,  integrity, 
and  availability.  Implementation  of  local  area  DGPS 
technology  significantly  increases  the  accuracy, 
integrity,  continuity  of  function  and  availability  of  the 
GPS  navigation  function  and  has  been  widely 
accepted  within  the  navigation  community. 

To  provide  for  early  implementation  of  DGPS  precision 
approach  landing  capability,  RTCA  Special  Committee 
159  published  the  Minimum  Aviation  System 
Performance  Standards  (M  ASPS)  DGNSS  Instrument 
Approach  System:  Special  Category  I  (SCAT-1) 
(Document  no.  RTCA/DO-217).  THE  SCAT-1  MASPS 
provides  guidance  and  design  requirements  for  DGPS 
instrument  approach  systems.  Figure  1  shows  a 
simplified  block  diagram  of  the  DO-217  implied  ground 
reference  station  architecture. 
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RF  Transmit 
to  Aircraft 


Figure  1.  DO-217  Implied  Architecture 


HONEYWELL  DIFFERENTIAL  GPS  GROUND 
REFERENCE  SYSTEM 

Numerous  DGPS  solutions  have  been  proposed  and 
successfully  demonstrated  within  the  GPS  community. 
Honeywell  has  studied  several  of  these  solutions  and 
has  chosen  to  implement  a  carrier-smoothed 
code-tracking  DGPS  approach  in  our  SLS-2000 
Differential  GPS  equipment  for  SCAT-1  precision 
approach  capability.  Carrier-smoothed  code-tracking 
DGPS  is  the  most  robust  SCAT-1  compliant  solutionsto 
implement  and  has  been  demonstrated  to  be  very 
robust.  Its  accuracy  exceeds  the  needs  of  all  SCAT-1 
requirements  and  may  be  compatible  with  emerging 
Category  II  requirements.  In  addition,  this  architecture 
makes  relatively  modest  demands  on  the  DGPS 
differential  correction  datalink. 

SYSTEM  ARCHITECTURE 

Honeywell’s  SLS-2000  Fail  Operational  DGPS 
Ground  Station  is  comprised  of  equipment  to  perform 
two  major  subfunctions:  1)  determine  ground-based 
differential  corrections  and  2)  transmit  these 
corrections  to  the  aircraft  using  a  DO-217  defined 
datalink.  In  addition,  to  complete  the  system,  an 
aircraft  differential  GPS  receiver  and  VHF  datalink 
receiver  are  required  onboard  a  user’s  aircraft. 

The  ground-based  reference  equipment  calculates 
differential  corrections  for  smoothed  pseudorange 
measurements  of  each  Space  Vehicle  (SV)  in  view. 
The  primary  function  of  these  differential  corrections  is 
to  remove  the  Selective  Availability  (SA)  errors  that  are 
intentionally  induced  by  the  GPS  Control  Segment  and 
system  errors  common  between  the  satellite  signais 
received  by  the  airborne  and  ground  components  (e.g. 
tropospheric  errors).  Removal  of  these  errors 
significantly  increases  the  accuracy  and  integrity  of  the 
aircraft’s  GPS  navigation  solution  enabling  it  to  be 
used  for  aircraft  guidance  during  Category  I 
approaches.  The  reference  system  operates  on 
carrier-smoothed  code  tracking  phase  measurements 
derived  from  the  GPS  SVS  and  WAAS  satellite  signals. 


The  datalink  equipment  provides  a  means  of  uplinking 
the  differential  corrections,  integrity  messages,  and 
where  required,  the  desired  flight  path  information 
from  the  reference  station  to  the  aircraft  avionics.  The 
aircraft  avionics  applies  the  differential  corrections  to 
the  GPS  smoothed  pseudorange  measurements  prior 
to  calculation  of  the  GPS  navigation  solution.  The 
aircraft  avionics  will  likewise  use  the  uplinked  integrity 
information  to  ensure  the  operational  requirements  of 
the  navigation  solution  are  met  and  the  flight  path 
information  to  create  the  approach  path  for  precision 
approach. 

Honeywell’s  GPS  reference  station  is  a  modular 
design  and  can  be  configured  in  either  fail-passive  or 
fail-operational  configurations.  The  fail-passive 
configuration  is  designed  to  meet  the  DO-217  MASPS 
minimum  requirements  and  contains  less  redundant 
equipment  than  the  fail-operational  equipment 
described  in  this  paper.  The  fail-operational 
configuration  is  designed  to  exceed  the  SCAT-1 
MASPS  requirements  and  provides  a  deferred 
maintenance  capability. 

As  shown  in  Figure  2,  the  primary  physical  equipment 
(fail-operation  configuration)  consists  of:  a  differential 
reference  station  housed  in  an  environmentally 
controlled  shelter,  three  spatially  separated  RSMUs, 
and  a  VHF  transmitting  antenna. 

Figure  3  shows  a  simplified  block  diagram  of  the 
Differential  Reference  Station  in  a  fail-operational 
configuration.  The  fail-operational  Differential 
Reference  Station  is  unique  in  that  the  architecture 
allows  for  continued  operation  in  the  presence  of  faults 
using  less  hardware  than  traditional  systems. 
Fail-operational  performance  is  accomplished  by 
dividing  the  system  into  Fault  Containment  Modules 
(FCMs)  that  are  I/O  buffered  using  serial  data 
transmissions.  The  serial  data  transmission  circuitry 
and  multiple  power  system  provide  isolation  circuitry 
that  prevents  one  FCM  from  affecting  another.  Figure 
4  shows  the  physical  layout  for  the  GPS  reference 
station  chassis. 
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Figure  2.  Differential  GPS  Overview 


- -  DCPl 

DCP  rim 

Processor  ^  I/O  2  DCP^  O^uX 

#3  §2 

J/0  2 


Remote  Status 


VDL-RX2 


Power  28VDC| 

Supply  - w 


Battery  #1 


Robust 

Power 

Bus 


ENABLEJ  VDL-TX2 


VDL-PA2 


Figure  3.  Fail-Operational  Differential  Reference  Component  Block  Diagram 
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The  Differential  Reference  Station  (fail-operational 
configuration)  consists  of  three  identical  Differential 
Correction  Processors  (DCP),  two  Datalink 
Transceivers  (RF  transmitters  and  RF  wraparound 
receivers)  and  two  Input/Output  functions.  The  station 
operates  on  a  fault  tolerant  power  supply  system 
supported  by  a  backup  battery  which  provides  an 
additional  one-hour  power  source  in  the  event  of 
primary  power  failure. 

The  three  DCPs  are  synchronized  by  fault  tolerant 
clocks  resident  in  each  processor  function.  Each 
processor  receives  serial  input  data  from:  the  RSMUs, 
the  datalink  wrap-around,  and  the  interface  control 
function  each  time  a  request  command  is  generated. 
This  synchronization  assures  that  all  processors 
operate  on  the  same  input  data.  The  DCPs  calculate 
the  differential  corrections  and  perform  RSMU  integrity 
checks  using  identical  RSMU  data  sets.  The 
differential  corrections  and  other  output  data  (to  the 
datalink)  is  then  compared  bit  for  bit  by  the  fault 
detection  interfaces.  Upon  a  successful  comparison, 
the  datalink  transmits  the  message  to  the  user 
systems.  An  on-line  RF  receiver  decodes  and  routes 
the  message  back  to  each  DCP  to  ensure  datalink 
availability. 


Figure  4.  SCAT  I  Ground  Chassis  Station 
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SYSTEM  COMPONENT  DESCRIPTION 

Differential  Correction  Processor 

The  primary  function  of  the  Differential  Correction 
Processor  (DCP)  is  to  calculate  a  differential  correction 
message  for  each  tracked  Satellite  Vehicle  (SV)  that  is 
considered  valid.  In  the  fail-operational  configuration, 
the  DCP  channels  utilize  data  from  three  (or  more) 
RSMUs  to  form  independent  sets  of  corrections. 

Each  of  the  correction  sets  is  formed,  as  follows: 
Within  each  DCP,  pseudoranges  are  predicted  using 
the  surveyed  position  of  the  RSMU  station  antennas 
and  the  RSMUs  output  of  SV  positions.  The  predicted 
pseudoranges  are  then  differenced  with  the  RSMU 
measured  values.  The  pseudorange  differences 
calculated  for  each  SV  contain  a  common  error  due  to' 
the  RSMUs  clock  error,  which  can  be  very  large  (range 
equivalent  values  on  the  order  of  1 0®  meters  or  larger) . 
In  order  to  calculate  the  pseudorange  corrections,  an 
estimate  of  this  clock  error  is  removed  from  each 
pseudorange  difference  by  subtracting  the  average  of 
all  valid  pseudorange  differences  from  each  individual 
difference.  Removal  of  the  clock  error  and  satellite 
motion  from  the  pseudorange  differences  reduces  the 
dynamic  range  of  the  pseudorange  correction 
messages  transmitted  across  the  datalink. 

Once  the  receiver  clock  error  has  been  removed,  a 
deviation  test  on  the  unique  correction  sets  is 
performed  as  an  added  measure  of  multipath  rejection 
and  error  detection.  This  test  involves  examining  the 
deviation  of  each  SV  correction  from  the  mean.  If  any 
correction  deviates  from  the  mean  by  a  predetermined 
threshold  it  will  be  rejected  and  the  average  will  be 
recomputed  from  the  remaining  valid  corrections.  The 
DCP  will  then  average  the  remaining  sets  of  differential 
corrections  to  further  reduce  measurement  noise 
including  multipath  effects.  It  is  this  average  that  will  be 
used  as  the  differential  correction  transmitted  to  the 
aircraft.  If  particular  SV  measurements  exceed  a 
predetermined  threshold,  the  SV  may  be  declared 
invalid  for  a  preset  time. 

The  DCPs  format  data  to  be  transmitted  consistent 
with  Type  1 ,  Type  4  and  Type  7  messages,  as  defined 
by  the  DO-217  MASPS  (Type  1  corresponds  to 
differential  corrections.  Type  4  corresponds  to  the 
precision  approach  path  and  Type  7  defines  an 
enhanced  integrity  message).  Growth  capability 
includes  all  message  types.  The  output  data  is 
transmitted  at  2  Hz,  allowing  for  reduced  data  latency 
and  enabling  the  design  to  support  future  Category  II 
and  III  operations. 


Major  features  of  the  Differential  Correction 
Processors  are: 

•  Designed  with  the  Intel  80960  32  bit,  single  chip, 
RISC  processors 

•  Previously  certified,  fault  tolerant  architecture 
which  includes  a  voted,  fault  tolerant  clock 

•  Software  programmed  in  “C”  and  verified  per 
DO-178B  Level  B 

•  Differential  corrections  computed  and 
transmitted  at  2  Hz 

•  Remote  programming  of  software  program 
memory 

•  Multiple  non-volatile  memory  to  provide 
integrity  of  site  specific  data 

Datalink 

The  datalink  function  is  designed  to  be  compliant  with 
SCAT  I  requirements  and  transmits  in  the  VHP  band 
from  11 2  to  1 1 7.950  Mhz  with  25  Khz  channel  spacing. 
The  datalink  function  receives  serial  formatted 
correction  and  waypoint  messages  from  the  DCP.  The 
modulator  randomizes  the  data  according  to  RTCA 
DO-217  Appendix  F,  providing  a  Forward  Error 
Correction  (FEC)  function,  and  then  symbolizes  the 
data  for  D8PSK  modulation  at  a  10,500 
symbol/second  rate  (31 ,500  bit/second) .  The  output  is 
then  amplified  in  the  Solid  State  Power  Amplifier 
(SSPA)  for  transmission  from  the  antenna.  Internal 
monitoring  circuitry  tests  the  datalink  for  modulation 
accuracy.  Time  Division  Multiple  Access  (TDMA)  burst 
concurrency,  VSWR,  power  output,  and  other  critical 
system  parameters  to  ensure  that  failures  in  the 
circuitry  are  immediately  detected  and  the  appropriate 
alarms  issued.  The  nominal  effective  range  of  the 
datalink  is  20  nm  with  a  variable  power  output  from  1  to 
20  watts.  The  DCPs  automatically  switches 
transceiver  pairs  to  reduce  the  probability  of  latent 
faults  in  the  ground-based  datalink  function. 

To  ensure  end-to-end  integrity  of  the  differential 
corrections.  Cyclic  Redundancy  Check  (CRC)  codes 
are  used  on  the  data  transmission.  These  CRCs  are 
initially  created  by  the  DCP  critical  level  software  then 
reconstructed  and  compared  to  the  received  CRC  by 
the  airborne  equipment  critical  level  software.  In 
addition,  the  transmitted  signal  is  received  and 
demodulated  by  the  ground  station  datalink  receiver. 
Demodulated  data  is  fed  back  to  the  DCP  for 
verification  that  data  received  from  the  RF  link  are 
identical  to  the  original  baseband  data  provided  to  the 
datalink  function  for  transmission. 
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RSMU 


Honeywell’s  current  RSMUs  use  the  same  advanced 
technology  as  aircraft  GPS  receiver  designs  to  provide 
standard  satellite  measurement  data  sets.  The 
receivers  are  based  on  the  TSO’ed  C129  receivers 
currently  in  production  for  Honeywell.  The  satellite 
measurement  data  set  includes  satellite  position, 
satellite  status,  pseudorange,  delta  range 


measurements,  measurement  time,  and  equipment 
status.  The  RSMUs  include  a  GPS  antenna 
augmented  with  a  choke  ring  ground  plane  to  reduce 
multipath  effects.  In  addition,  the  RSMUs  are  spatially 
separated  to  minimize  the  effect  of  multipath  errors 
occurring  simultaneously  at  each  GPS  receiver.  Figure 
5  shows  the  RSMU  physical  layout  and  Figure  6  shows 
atypical  RSMU  installation.  Tablet  defines  the  RSMU 
GPS  receiver  specifications. 


Figure  5.  Remote  Satellite  Measurement  Unit  (RSMU)  Physical  Diagram 
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Table  1.  RSMU  Specifications 


Antenna 

Assembly 


^  Enclosure  with 
GPS  receiver 
inside 


8  foot  mast 
(or,  1  or  2 
Tour-foot 
sections) 


GPS  channels 
Acquisition  Time 
Signal  Interface 
Power  Consumption 
MTBF 
Mask  Angle 
Data  output  rate 
Software  Updates 


Operating  Temp 
Operating  Relative 
Humidity 

Operating  Altitude 
Rain 


Ice  Loading 


12  (all  in  view) 

75  seconds 
Differential  digital 
20  Watts 
>40,000  Hrs 
Variable 
2  Hz 

Remotely  program¬ 
mable 

-50_C  to  +700 
Oto  100% 


Oto  10,000  MSL 

25  millimeters  per 
hour 

1/2  inch  radial  thick¬ 
ness 


SYSTEM  PERFORMANCE 

Honeywell  has  performed  extensive  analysis  on  the 
performance  of  the  GPS  satellite  constellation  and  the 
SCAT  I  equipment  under  development.  Analysis  is 
based  on  the  total  SCAT  I  system  design  (including  the 
airborne  and  ground  components).  The  Martinez 
almanac  and  the  Durand  weights  are  used  for  satellite 
failure  simulations. 


The  performance  of  the  SCAT  I  system  is  defined 
through  four  measures:  integrity,  availability,  accuracy 
and  continuity  of  function.  The  Honeywell  system 
identified  in  this  paper  is  designed  to  exceed  the 
DO-217  MASPS  requirements  for  each  of  these 
measures  as  identified  in  Table  2. 

While  this  paper  focuses  on  the  DGPS  reference 
station  design,  the  airborne  equipment  is  an  integral 
part  of  the  total  system  design;  therefore,  some 
reference  to  airborne  performance  criteria  is  included. 


Table  2.  SCAT  I  Requirements 


REQUIREMENTS 

HONEYWELL 

RTCA  DO-217 

Accuracy 

RMS  pseudorange  of  <0.9  meters 

RMS  pseudorange  of  <1.1  meters 

Integrity 

1 E-8  per  approach 

3E-8  per  approach 

Continuity  of  Function 

1.1 5E7  per  approach 

3.8E-5  per  approach 

Availability 

>99% 

98% 

Integrity  Alarm  Latency 

<1.0  seconds 

<3.0  seconds 

Acquisition  Time 

75  seconds 

300  seconds 

Software  Criticality 

DO-178B  Level  B 

DO-178B  Level  B 

Uplink  Rate 

0.5  seconds 

3.0  seconds 

Datalink  Range 

20-40  nmi 

20  nmi  (minimum) 

Datalink  Modulation 

D8PSK  per  RTCA/DO-217  Appendix 

F,  Change  1 

D8PSK  per  RTCA/Db-217  Appendix 

F,  Change  1 

Datalink  Message 

RTCA/DO-217  Appendix  A,  Types  1, 

4  and  7 

RTCA/DO-217  Appendix  A,  Type  1 

Integrity 

The  integrity  level  provided  by  the  Honeywell  SCAT  I 
ground-based  system  is  primarily  the  result  of  two 
major  design  components: 

The  first  is  the  use  of  three  RSMUs,  fault  tolerant 
architecture,  and  redundant  components  to  provide  a 
measurement  consistency  check  to  identify  multipath 
errors  and  detect  erroneous  measurements. 

The  second  is  the  use  of  the  CRC  on  the  messages 
transmitted  to  the  aircraft  from  the  ground.  The  CRC 
ensures  the  end-to-end  integrity  of  the  differential 
corrections  datalink  and  eliminates  the  datalink  as  a 
potential  system  integrity  failure  point.  A  separate 
CRC  is  also  used  to  ensure  the  integrity  of  the  uplinked 
pathpoints. 

The  integrity  level  of  the  Honeywell  proposed  SCAT  I 
ground-based  equipment  is  1  x  <10'®/approach. 

Availability 

The  availability  of  the  SCAT  I  system  is  a  function  of  the 
satellite  constellation  (including  failures),  the  MTBF  of 
the  DGPS  Ground  System  equipment,  and  the 
integrity  requirements  (false  detection  rate,  integrity 


bound  etc.).  The  constellation  related  (based  on 
VDOP)  availability  computed  for  the  Honeywell  SCAT  I 
system  is  99.7%  for  the  autonomous  GPS  satellite 
constellation  and  99.9%  for  the  GPS  constellation 
augmented  vwth  WAAS  satellites.  The  DGPS  Ground 
Station  equipment  availability  is  better  than  99.9%  for 
the  fail-operational  configuration.  Analysis  has  shown 
that  incorporation  of  a  minimum  (<24  hour)  repair  time 
or  added  component  redundancy  will  enable  the 
system  to  meet  99.999%  availability. 

Accuracy 

The  accuracy  of  the  SCAT  I  system  is  the  function  of 
the  differential  corrections,  sensor  measurements, 
and  the  satellite  geometry.  The  resulting  vertical 
system  accuracy  of  the  SCAT  I  system  is  1  -  2m  (2a). 
Accuracy  will  continue  to  be  enhanced  in  future 
upgrades  as  requirements  for  Category  II  and  III  are 
defined. 

Continuity  of  Function 

The  continuity  of  function  of  the  SCAT  I  system  is  the 
function  of  the  failure  rates  of  the  DGPS  Ground 
Station  and  the  satellite  constellation.  System  outages 
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(resulting  from  constellation  limitations)  which  can  be 
predicted  by  the  airborne  component  do  not  affect  the 
continuity  of  function,  but  do  affect  availability.  The 
continuity  of  function  computed  for  the  Honeywell 
SCAT  I  ground  system  is  5.5  X  10'^/approach. 

MAINTENANCE 

The  SCAT  I  Ground  System  includes  a  monitoring 
system  for  configuration,  controi,  fault  isolation  and 
status.  This  monitoring  function  consists  of  power-up 
and  continuous  Buiit-in-Test,  a  local  maintenance 
monitor,  and  provisions  for  a  remote  maintenance 
monitor. 

Local  Maintenance  Monitor 

A  Locai  Maintenance  Monitor  (LMM)  system  is 
included  with  each  SCAT  I  Ground  System.  The  LMM 
provides  system  configuration,  system  control  and 
fault  isolation.  The  LMM  is  comprised  of  a  Personal 
Computer  configured  with  software  to  interface  via  an 
RS-232  interface. 

The  LMM  allows  the  system  operating  parameters  to 
be  initialized  and/or  changed.  This  includes  field 
programming  of  the  operating  software,  thus  allowing 
software  updates  without  disassembling  the  system. 
The  LMM  provides  a  user  friendly  menu  system  that 
allows  the  operator  to  configure  the  following 
parameters: 

•  RSMU  Locations 

•  Datalink  Frequency 

•  Datalink  Transmitter  Power 

•  Datalink  TDMA  slot(s) 

•  Fail  Safe  vs.  Fail  Operational  Configuration 

•  Multipath  Information 

•  Pathpoint  Data  (multiple  inputs) 

•  Modem  Autodial  Numbers 

•  Enable/Disable  System 

The  LMM  can  request  the  system  status  to  aid  in  fault 
isolation  and  repair.  The  Built  In  Test  (BIT)  Information 
is  transferred  from  the  Ground  Systems  internai 
memory  to  the  LMM  for  easy  fauit  analysis.  The  BiT 
information  inciudes  a  fault  identifier,  date,  time,  and 
detailed  snapshot  parameters  (if  avaiiabie).  An 
optional  printer  at  the  Ground  System  provides  a 
permanent  record  of  the  system  activities. 

Typical  Status  Parameters  include: 

•  Processor  Alarms 

•  Datalink  Transmitter  Alarms 

•  Datalink  Power  Amplifier  Alarms 


•  Datalink  Receiver  Alarms 

•  Power  Supply  Alarms 

•  Battery  Alarms 

•  Satellite  Failures 

•  Multipath  Alarms 

•  Shelter  Environmental  Alarms 

Remote  Maintenance  Monitor 

The  DGPS  reference  station  is  provisioned  to  allowthe 
system  status  to  be  reported  \^a  a  remote  interface. 
The  status  can  be  requested  by  dialing  into  the  system 
and  logging  on  with  the  appropriate  passwords.  The 
same  Personai  Computer/software  used  for  the  LMM 
is  used  to  support  this  option.  The  system  can  aiso  be 
configured  to  automatically  dial  out  whenever  an  alarm 
condition(s)  is  detected. 

Remote  Status  Unit 

Remote  status  indications  of  the  Ground  System  are 
provided  via  a  dedicated  seriai  iine  to  a  Remote  Status 
Unit  (RSU).  The  RSU  displays  In  Service, 
Maintenance  Required  and  No  Service.  The  system 
allows  for  multiple  RSUs  to  be  connected  to  provide 
status  in  various  locations  (i.e.  Tower,  Maintenance 
Shop,  etc.)  if  desired. 

Certification 

Honeywell  has  extensive  experience  in  deveioping 
aircraft  equipment  and  working  with  the  FAA  to  obtain 
certification.  Honeywell  has  initiated  a  project  with  the 
FAA  to  certify  the  DGPS  system  for  SCAT  i  precision 
approach  capability  during  the  first  quarter  of  1996. 

The  certification  process  is  being  accomplished  in 
accordance  with  the  Type  Acceptance  Test  and 
Evaluation  (TATE)  plan  prepared  by  the  FAA’s  National 
Airways  Systems  Engineering  Division  (A05-200). 
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ABSTRACT 

StarWatch™  is  a  new  GPS  Asset  Location  product  of 
Advanced  Research  Corporation.  It  is  an  off-the-shelf 
global  tracking  system,  that  is  low-cost  and  easy  to 
install.  Using  the  new  ORBCOMM  communications 
satellite  network  and  cellular  communications,  the 
StarWatch  system  provides  unique  solutions  for  rural  and 
remote  tracking  and  messaging.  This  paper  discusses 
StarWatch  features,  including  principles  of  operation, 
communication  means  and  ORBCOMM  features,  and 
how  StarWatch  benefits  users  and  providers  of  vehicle 
and  asset  tracking  systems. 


INTRODUCTION 

Along  with  advances  in  technology  come  solutions  to 
problems  for  numerous  businesses  and  individuals.  For 
years  many  companies  have  provided  systems  for  vehicle 
fleet  dispatching  and  management,  but  the  need  has 
grown  to  track  assets  in  addition  to  land  and  marine 
vehicles.  Advanced  Research  has  developed  a  product 
that  addresses  the  needs  of  managers  of  mobile  assets  in 
locating  these  assets  in  a  timely  manner.  The  product  is 
called  StarWatch,  and  it  combines  the  benefits  of  Global 
Positioning  System  (GPS)  positioning  technology  with 
digital  maps  and  cellular  and  satellite  communication  to 
provide  the  ability  to  manage  assets  anywhere.  Hosted 
on  a  personal  computer  running  under  Microsoft® 
Windows™,  StarWatch  is  easy  to  install  and  operate. 
Using  point  and  click  operation,  StarWatch  provides  the 
user  a  quick  and  easy  view  of  assets  anywhere. 
StarWatch  is  specifically  designed  for  small  fleet 
operators  and  managers  of  large  numbers  of  assets 
located  anywhere. 


StarWatch  Software 
with  Etak  Maps 


Figure  1.  StarWatch  Asset  Location  System 
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PRODUCT  DESCRIPTION 


StarWatch  is  comprised  of  a  PC  hosting  the  system 
control  and  map  display  software,  ORBCOMM  and 
cellular  communications  channels,  and  positioning 
sensor  and  communication  units,  as  illustrated  in  Figure 
1.  The  proprietary  StarWatch  software  provides  access  to 
digital  maps  provided  by  Etak,  Inc.  (Menlo  Park, 
California)  using  Etak  map  access  software  libraries. 

This  permits  the  user  to  zoom  and  pan  on  the  maps  and 
set  the  level  of  detail  of  highways,  streets,  railroads, 
lakes,  parks,  and  other  features.  Assets  are  identified  by 
means  of  vehicle  icons.  The  label  of  each  icon  is  user 
selectable.  StarWatch  is  able  to  display  multiple  maps, 
which  can  be  arranged  by  the  user  in  any  way  they  wish 
using  standard  Windows  controls.  See  Figure  2  for  a 
sample  view  of  a  StarWatch  screen. 


Figure  2.  StarWatch  Sample  Screen 

StarWatch  provides  a  data  recording  capability,  in  which 
all  data  is  stored  to  a  user-selected  file  on  disk  in  ASCII 
format.  This  data  is  then  available  for  later  review. 
StarWatch  also  provides  a  messaging  capability  for 
tracking  units  which  have  a  PC  attached.  This  allows  the 
dispatcher  to  relay  messages  to  the  driver  of  vehicles.  All 
messages  can  be  logged  for  later  reference. 

There  are  two  means  of  communications  with  StarWatch, 
both  selected  for  their  universality  and  ease  of  use.  The 
first  is  the  Advanced  Mobile  Phone  System  (AMPS) 
cellular  service,  provided  in  metropolitan  areas 
throughout  the  United  States,  as  well  as  a  number  of 
other  countries.  Cellular  telephone  service  is  a  relatively 
low  cost,  high  quality,  and  fully  maintained 
communication  network.  Costs  for  cellular  service  vary 
by  region  and  are  established  by  individual  providers. 


Common  to  them  all  are  a  fixed  monthly  fee  (typically 
under  $50),  a  per  message  cost  above  the  monthly 
allotment  (typically  about  $0.40)  and  roaming  fees  for 
communications  outside  the  home  coverage  area. 

The  other  communication  channel  to  be  provided  by 
StarWatch  is  the  Orbital  Communications  Corporation 
ORBCOMM  satellite  data  messaging  service  to  begin 
operation  by  the  end  of  this  year.  This  service  will 
provide  worldwide  messaging,  from  any  point  to  any 
point  using  low  earth  orbit  satellites  and  small  low  power 
transceivers.  ORBCOMM  launched  two  of  the  eventual 
thirty-six  satellites  in  April  1995,  and  are  currently  going 
through  a  satellite  and  communication  check  out  phase. 
In  October  and  November  ORBCOMM  will  conduct  field 
(beta)  tests  of  the  service  with  a  number  of  its  resellers, 
including  Advanced  Research  Corporation,  and  will  offer 
commercial  service  before  year's  end. 
Costs  for  ORBCOMM  are  established 
by  individual  ORBCOMM  resellers, 
but  include  a  monthly  charge  per 
subscriber  communicator  (less  than 
$40)  and  a  per  message  charge 
(position  messages  less  than  $1). 

For  cellular  operation,  StarWatch 
uses  the  Trimble  Navigation 
GPS/Cellular  Messenger  unit,  a 
commercially  available  GPS  sensor 
providing  high  quality 
communication  via  cellular 
telephone.  The  unit  contains  a 
Trimble  six-channel  GPS  sensor  that 
provides  time,  position,  velocity, 
heading,  and  status  data  using  the 
Trimble  ASCII  Interface  Protocol.  It 
accepts  commands  for  polling  and  configuration, 
including  notifying  the  operator  when  an  asset  has  left  an 
area.  The  unit  physical  characteristics  are  given  in  Table 
1. 

Tablet.  Trimble  Messenger  Physical  Characteristics 


Power 

11-16  VDC,  3  W  receive,  19  W 
transmit 

Size 

26  cm  X  1 1.7  cm  x  4.8  cm  (10.25  "  x 
4.60"  X  1.89") 

Weight 

1  kg  (2.2  lb) 

GPS 

Tracks  8  satellites 

Interface 

Serial  RS-232,  9600  baud 

Comm.  Bell  212A  (1200  BPS  DPSK) 
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There  are  four  manufacturers  of  ORBCOMM  subscriber 
communicators  (SC),  the  transceivers  used  to 
communicate  with  the  ORBCOMM  satellite  system. 

Elisra  Electronics  (Israel) 

Magellan  Navigation  (San  Dimas,  California) 
Panasonic  Matsushita  (Japan) 

Torrey  Science  (San  Diego,  California) 

Although  each  of  their  product  offerings  is  unique,  there 
is  a  commonalty  of  features.  Each  will  offer  GPS 
positioning.  In  addition,  ORBCOMM  provides  a  coarse 
positioning  capability  by  means  of  a  Doppler  ranging 
method  using  their  satellites.  StarWatch  is  able  to 
operate  with  any  of  these  units.  ORBCOMM  transmits 
over  the  frequency  range  148.000  to  150.050  MHz  and 
receives  over  the  range  137.000  to  138.000  MHz.  The 
transceivers  communicate  at  2400  bps  uplink  and  4800 
bps  downlink.  A  presentation  of  physical  characteristics 
for  the  individual  manufacturers  is  given  in  Table  2. 


Table  2.  ORBCOMM  SC  Physical  Characteristics 


Torrey 

Science 
Trakker  211 

Panasonic 

KX-G7000 

Elisra 

EL-2000 

Power 

12-24  VDC, 

6  W 

12-24  VDC 
120-240  mA 
receive 

1.6  A 
transmit 

12.8  to  36 

VDC, 

95  mA 
standby 

2.5  A  transmit 

Size 

10.2  X  10.2 
x  48.3  cm  (4 

X  4  X  19") 

15  X  15x5.3 
cm  (5.9  x  5.9 
x2.1") 

20.5  X  12.4  X 

6. 1  cm  (8  X 

4.9  X  2.4") 

Weight 

not  available 

0.85  kg  (30 
oz) 

0.96  kg  (34 
oz) 

GPS 

Yes 

Yes 

Yes 

Interface 

RS-232 
Analog/ 
digital  I/O 

RS-232 

RS-232 

Analog/ 
digital  I/O 

Other 

Weatherized 

Battery 

Intelligent 

power 

management 

Weatherized 
Sleep  mode 

Weatherized 

Battery 

Sleep  & 
standby  modes 

Note:  Information  on  Magellan  unit  not  available  at  time 
of  publication 

In  addition  to  the  subscriber  communicators  described 
above,  CypherComm  (Colorado  Springs,  Colorado)  is 
offering  a  secure  version  of  the  ORBCOMM.  It  will  offer 
encrypted  data  messaging,  providing  increased  security 


for  locating  assets  used  in  law  enforcement,  military,  and 
high  security  applications. 

StarWatch  will  be  released  in  two  versions:  a  Cellular 
version  available  in  October  1995  and  an  ORBCOMM 
version  in  December  1995,  coincident  with  ORBCOMM 
service.  In  addition  for  each  major  version,  StarWatch 
will  be  packaged  into  a  low  cost  demonstration  version, 
called  StarWatch  Track  One,  which  will  have  all  the 
features  of  StarWatch,  except  that  it  will  only  be  able  to 
track  one  asset.  It  will  be  bundled  with  the  StarWatch 
software,  EtakMAP  USA,  and  one  tracking  unit.  User's 
may  upgrade  to  the  full  StarWatch  for  an  additional  fee. 

FEATURES  AND  BENEFITS 

StarWatch  offers  flexibility  and  convenience  in  the 
tracking  of  assets  anywhere.  It  requires  only  a  PC  and  a 
modem,  therefore  not  only  can  asset  location  be 
performed  at  a  dispatch  center,  but  in  a  manager's  office 
or  in  a  hotel  room.  Asset  location  can  be  performed  by  a 
number  of  people  simultaneously.  Thus  StarWatch  offers 
ultimate  flexibility  for  any  organization  tracking  assets. 

With  high  quality  Etak  maps,  StarWatch  provides  full 
continental  United  States  highway  coverage  with  the 
EtakMAP  USA  data  base  and  detailed  street  level 
coverage  with  any  of  its  more  than  280  Etak  coverage 
area  maps.  StarWatch's  ORBCOMM  version  release  will 
provide  both  geo-coded  locations  ("Show  me  the  location 
of  123  Main  Street")  and  reverse  geo-coded  locations 
("What  is  the  nearest  set  of  cross  streets  to  my  asset?"). 

StarWatch  will  offer  an  object  linking  and  embedding 
(OLE)  interface  with  its  ORBCOMM  Version  release. 
This  open  architecture  interface  provided  by  Microsoft 
Windows,  allows  disparate  programs  to  communicate 
with  one  another  easily  and  in  real-time.  This  feature 
allows  StarWatch  to  serve  as  a  location  engine  for  other 
commercial  programs  for  maximum  flexibility  of 
operation  and  use.  For  example,  a  user  may  use  the 
relational  data  base  management  program  Microsoft 
Access  to  define  a  data  base  application  for  tracking 
shipments,  then  connect  it  to  StarWatch  via  OLE  to 
provide  positioning  information.  Information  that  can  be 
returned  from  StarWatch  include  map  objects  as  well  as 
geographic  information  like  city,  state,  zip  code,  nearest 
intersection,  and  street  address  range. 

StarWatch's  ability  to  transmit  text  data  gives  it  a 
powerful  capability  for  data  collection.  StarWatch  can  be 
used  as  a  data  collection  system. 
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When  integrated  with  CypherComm's  secure 
communication  module,  ORBCOMM  provides  the 
security  of  tracking  sensitive  and  high  value  assets. 
Position,  time,  and  other  message  data  is  encrypted  prior 
to  transmission  so  that  only  but  the  intended  recipient 
has  access  to  the  information. 

LIMITATIONS 

Cellular  tracking  with  StarWatch,  although  offering 
twenty-four  hour  access,  is  restricted  to  areas  of  cellular 
coverage.  Assets  outside  this  range  cannot  be  contacted 
until  they  move  back  in  the  coverage  area.  The  Trimble 
unit  is  not  weatherized  or  battery  powered  for  full 
portability.  Advanced  Research  is  pursuing  ways  of 
packaging  the  Messenger  so  that  it  will  be  weatherized, 
battery  powered  and  portable. 

ORBCOMM  satellite  communications  with  only  two  of 
the  eventual  thirty-six  satellites  in  operation  provides 
contacts  over  a  six  to  eight  hour  period  each  day.  This 
coverage  will  continue  into  mid-1997  until  the  additional 
satellites  are  scheduled  to  be  launched.  Although  the 
service  is  not  continuous,  it  is  more  than  adequate  to 
provide  global  positioning  of  assets  on  a  once  or  twice  a 
day  basis  which  is  sufficient  for  many  asset  location 
applications. 

APPLICATIONS 

Applications  of  StarWatch  include  tracking  high  value 
property  and  cargo,  tracking  stolen  vehicles,  monitoring 
shipments,  managing  high  value  rental  property,  and 
tracking  long  haul  trucking  shipments.  With  its  ability 
to  transmit  message  data,  StarWatch  serves  as  an 
information  system  as  well  as  asset  location  system. 
StarWatch  is  available  for  both  end  users  and  for  systems 
integrators  that  focus  on  various  market  niches. 
StarWatch  offers  an  attractive  asset  location  engine  to 
existing  niche  market  transaction  software.  The  OLE 
interface  expedites  the  integration  of  StarWatch  with 
other  Windows-based  applications. 

TEST  PROGRAM 

Advanced  Research  is  scheduled  to  conduct  field  tests  of 
StarWatch  Cellular  in  September  and  October  and  tests 
of  StarWatch  ORBCOMM  in  October  and  November. 
Test  applications  are  identified  in  Table  3. 


Table  3.  StarWatch  Test  Applications 


Test  Organization 

StarWatch  Annlication 

Horse  transport  company 

Dispatching  rigs  throughout 
the  US 

Concrete  mix  company 

Tracking  trucks  into 
mountainous  areas 

Courier  company 

Tracking  courier  vehicles 
that  leave  radio  coverage 
area 

Moving  and  storage  firm 

Monitoring  trailer  shipments 

Protective  services  firm 

i 

Monitoring  high  value 
property  against  theft 

CONCLUSIONS 

StarWatch  uses  GPS  technology,  along  with  advances  in 
communications  and  PC  technology  to  provide  a  low- 
cost,  flexible,  portable,  and  easy-to-use  asset  location 
system  that  can  be  used  anywhere.  Focusing  on  low 
message  rate  applications  by  means  of  cellular  and 
ORBCOMM  satellite  communication  technology, 
StarWatch  user's  are  assured  they  can  be  up  and  running 
immediately  without  the  expense  and  effort  of  installing 
a  fully  customized  system. 
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ABSTRACT 

Navstar’s  XR5-PC  is  a  new  addition  to  the 
NavSymm  XR5  product  family.  The  module  is  a 
plug  in  PC-AT®  expansion  card  and  provides  full 
12-channel  capability  in  mobile,  base  station  or 
timing  modes. 

The  module  supports  rapid  data  transfer  to 
applications  running  on  the  host  PC,  whilst 
appearing  as  a  standard  IBM  comms  port  to  the 
operating  system.  This  allows  the  direct  use  of 
standard  drivers  available  in  Windows®,  OS  2®  and 
similar  environments. 

The  paper  describes  the  product  and  its 
applications  in  the  field  and  development 
environments. 

INTRODUCTION 

The  NavSymm  XR5-PC12  is  a  12  channel 
professional  quality  LI  C/A  code  GPS  receiver  on 
a  short  length  IBM-PC®  standard  expansion 
board.  The  board  uses  Navstar’s  proprietary  XR5 
technology  and  was  developed  in  response  to 
the  ever  growing  need  for  faster  taw  data 
extraction  from  the  GPS  receiver. 

The  result  is  a  compact  module  which  finds  use  in 
a  number  of  applications,  especially  those 
involving  high  integrity  and  throughput,  such  as 
real  time  cm  accuracy  work,  and  differential  base 
stations. 


The  module  also  makes  use  of  NavSymm’s  timing 
and  synchronising  expertise,  providing  accurate 
Time  of  Day  data,  and  in  later  versions,  frequency 
reference  output. 

OUTLINE 

This  paper  describes  the  XR5-PC12  in  terms  of  its 
hardware  and  software,  and  highlights  some  of 
the  advantages  and  features  of  using  GPS 
integrated  within  a  PC  environment.  A  short 
introduction  to  the  XR5  technology  stream 
architecture  and  performance  is  also  included. 
Finally,  some  performance  measurements  from 
the  XR5-PC12  are  presented,  of  interest  to  those 
seeking  raw  GPS  data  at  high  data  rates. 

XR5  TECHNOLOGY 

Navstar’s  XR5  technology  is  based  upon  the 
company’s  well  proven  GPS  receiver  architecture, 
and  is  implemented  using  a  number  of  in-house 
designed  Integrated  Circuits.  All  development 
and  product  design  is  carried  out  in  the 
company’s  Northampton,  UK,  facility,  allowing 
both  rapid  response  to  new  requirements,  and 
field  support  by  the  design  team  where 
necessary. 

The  quality  and  accurate  reproduction  of  the 
designs  is  assured  by  manufacture  in  our  own 
factory,  on  the  same  site. 

ARCHITECTURE 

Figure  1  shows  a  block  diagram  of  the 
architecture.  In  the  XR5-PC12  module,  the 
input/output  and  Power  Supply  functions  are 
integrated  onto  the  ISA-bus  compatible  plug  in 
card,  and  the  RF  section  is  carried  on  a  daughter 
board. 
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Figure  1 
ANTENNA 

The  architecture  provides  12v  DC  for  a  L1  active 
antenna.  The  current  drawn  is  both  limited  to 
protect  from  fault  conditions,  and  monitored  to 
provide  alarm  warning  if  the  antenna  is 
disconnected  or  faulty. 

RF  CIRCUITS 

Figure  2  provides  the  frequency  plan  and  layout 
of  the  RF  subsystem.  XR5  was  designed  to 
provide  outstanding  rejection  of  unwanted 
signals,  which  is  becoming  more  and  more  a 
problem  as  GPS  finds  its  way  into  more  hostile 
environments. 


Figure  2 

The  L-band  section  of  the  receiver  is  realised 
largely  in  the  ROC  (Receiver  on  Chip)  device, 
fabricated  in  “Super  Silicon”,  minimising  power 
requirements  whilst  maintaining  maximum  anti-jam 
capabilities. 


Filtering  at  both  L-band  and  IF  is  used  to  provide 
high  out  of  band  rejection,  the  former  being  an  in 
house  designed  special  component.  The  IF,  AGC 
and  Digitising  circuits  are  implemented  in  a 
second  chip  using  mixed  CMOS  technologies. 
Interface  to  the  Digital  circuits  is  provided  in  two 
level  “over  sampled”  digital  form. 

The  RF  module  also  hosts  the  reference 
oscillator,  a  high  performance  TCXO,  and 
generates  reference  frequencies  for  the  digital 
circuits  as  well  as  phase  locking  all  of  the  local 
oscillator  components. 

DIGITAL  CIRCUITS 

Figure  3  is  the  block  diagram  of  the  Digital  part  of 
the  receiver.  Central  to  the  architecture  is  the 
Digital  Signal  Processing  (DSP)  ASIC,  realised  in 
CMOS  and  providing  6  channels  of  code 
generation,  correlation  and  code  and  carrier 
tracking,  as  well  as  signal  sampling  and  support  for 
the  Motorola  68020  processor  and  peripheral 
circuits. 

XR5 

DIGITAL  ARCHITECTURE 

Qock/Data/ 


Figure  3 

The  DSP  is  configurable  to  provide  various 
channel  architectures  and  processor  support.  In 
the  XR5-PC12  two  DSPs  are  used  to  provide  12 
parallel  tracking  channels  and  the  I/O  capability  to 
support  the  ISA  bus  circuitry  and  serial  ports.  One 
of  these  provides  memory  management  and  the 
logic  support  for  the  processor  and  its 
coprocessor. 

The  DSP  chip  also  contains  circuitry  to  output  an 
accurate  1  pps  signal,  under  processor  control. 

A  Real  Time  Clock  (RTP)  is  included,  as  is  backed 
up  RAM,  to  enable  the  receiver  to  rapidly  provide 
a  first  fix,  based  on  stored  data  from  previous 
sessions,  and  the  time  and  date. 
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SOFTWARE 

Figure  4  is  a  representation  of  the  software 
modularity.  The  software  routines  provide 
acquisition  and  tracking  of  the  GPS  signals,  using 
the  DSP  hardware,  measurements,  data 
demodulation  and  storage,  and  satellite 
prediction  calculations. 


Figure  4 

Position  and  Time  determination  is  carried  out 
using  a  Kalman  filter,  with  update  rates  at  up  to  4 
per  second. 

Serial  and  Parallel  I/O  are  supported  using  the 
DSP  chip  on  board  interfaces.  Included  is 
Navstar’s  powerful  Interface  protocol,  enabling 
rapid  application  development  and  debugging. 

THE  XR5-PC12  DESCRIBED 

GENERAL 

The  XR5-PC12  is  a  plug  in  module  which  fits  into 
an  IBM-PC  compatible  PC  ISA  bus  expansion  slot. 
The  board  does  not  occupy  the  full  slot  length, 
being  only  7.5  inches  {190mm)  approximately 
long.  It  needs  two  slot  widths.  This  form  factor 
makes  the  XR5-PC12  compatible  with  most 
slimline  and  full  size  desktop  PCs,  and  some 
larger  portable  machines.  Many  industrial  PCs  also 
provide  ISA  bus  expansion  slots. 

The  module  has  a  standard  PC  expansion  slot 
rear  panel,  which  houses  the  connectors  for  the 
two  serial  ports  and  the  GPS  antenna.  An  LED 
showing  status  of  the  module  is  also  provided 
here. 

The  ISA  bus  connection  provides  power  for  the 
XR5-PC12  from  the  host  computer,  and  data 
transfer  across  the  bus  in  a  number  of  modes. 
Whilst  this  is  the  usual  port  for  data  transfer,  it  is 


not  a  requirement  for  operation,  and  the  module 
may  be  used  without  a  host  PC  if  arrangements 
for  provision  of  power  are  made. 

On  the  ISA  bus,  the  XR5-PC12  appears  as  an  I/O 
device  and  occupies  8  bytes  of  I/O  space. 
Although  a  16  bit  card,  all  data  transfers  are  8  bit 
only.  Address  selection  is  by  DIP  switches  on  the 
XR5-PC12,  offering  a  choice  of  8  locations.  The 
board  supports  interrupt  transfers  between  itself 
and  the  host  PC,  but  can  also  be  configured  for 
streaming  data  to  achieve  maximum  data  rates 
(over  70k  baud!).  The  interrupt  to  be  used  for  the 
former  method  is  selectable  on  the  module. 

The  module  carries  a  12  channel  GPS  receiver, 
implemented  in  XR5  technology  as  described 
above.  A  12  volt  DC  supply  is  present  at  the 
antenna  connector  to  power  the  preamplifier  in 
the  remote  antenna  assembly. 

The  XR5-PC12  is  designed  around  ease  of 
communication  to  its  host  devices,  and  provides  a 
new  level  of  fast  data  access  for  applications  such 
as  Real  Time  Positioning.  One  such  improvement 
is  the  board’s  ability  to  emulate  the  ISA  bus  side  of 
a  standard  PC  serial  port.  This  allows  data  transfer 
using  standard  operating  system  drivers  (such  as 
those  provided  with  MS-DOS®,  Windows®,  OS2* 
etc.),  without  being  limited  by  baud  rate 
restrictions  (since  the  serial  side  of  the  port  is  not 
there).  As  will  be  seen  below,  the  data  modes 
provided  represent  a  major  improvement  in  the 
I/O  capability  of  the  GPS  receiver. 

XR5-PC12  HARDWARE 

The  PCI 2  provides  a  fully  featured,  high 
resolution  12  channel  LI,  C/A  code  GPS 
receiver.  It  utilises  FLASH  memory  for  programme 
retention,  and  can  therefore  receive  software 
upgrades  via  its  host  computer.  Battery  backup  is 
provided  for  critical  memory,  and  the  real  time 
clock.  For  a  specification  of  the  receiver,  please 
refer  to  product  literature. 

At  the  heart  of  the  receiver’s  high  data  throughput 
is  the  Motorola  68020  processor,  with  a 
coprocessor  to  take  care  of  the  floating  point 
calculations.  Processing  in  the  XR5-PC12  is 
autonomous,  and  does  not  use  any  of  the  host 
computer’s  resources. 

Power  supply  smoothing  is  included,  to  alleviate 
the  effects  of  the  “dirty”  power  rails  often  found 
inside  PCs.  Similar  attention  has  been  paid  to  the 
Electro  Magnetic  Compatibility  aspects  of  being 
located  within  a  computer. 
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In  addition  to  the  communication  ports  (RS232, 
RS422  and  ISA  bus)  the  hardware  supplies  the 
1  pps  signal  for  timing  appiications,  and  a  TDMA 
transmit  control  function  for  datalinks.  This  feature 
is  important  if  using  the  XR5-PC12  for  Real  Time 
DGPS  base  station  applications. 

COMMUNICATIONS 

As  noted  above,  the  design  concept  for  the  XR5- 
PC12  is  for  a  communications  engine. 
Consequently,  the  module  offers  two  serial  ports 
and  two  possible  ISA  bus  ports,  together 
providing  maximum  flexibility  for  application 
development  and  high  performance.  The  ports 
are  referred  to  as  A,  B,  C1  and  C2,  and  are 
described  in  that  order  below.  All  three  ports  are 
set-up  and  operate  independently  of  each  other. 

PORT  A  is  a  partially  handshaked  serial  port 
conforming  to  the  RS232D  standard.  It  has  a  male 
DB9  connector,  and  can  be  configured  for  a 
number  of  interface  modes  and  rates  (described 
below). 

PORT  B  is  a  non  handshaked  RS422A  standard 
serial  port,  using  a  female  DB9  connector  on  the 
rear  panel.  It  too  can  also  be  configured  in  several 
ways.  This  port  also  provides  the  1pps  pulse,  a 
100  microsecond  TTL  level  signal  synchronised 
to  UTC.  Optionally  the  output  can  be  double 
pulsed  on  the  UTC  minute  marker,  or  configured 
to  be  a  lOpps  signal. 

Both  serial  ports  can  be  operated  at  all  standard 
baud  rates  up  to  the  maximum  of  19,200. 

The  ISA  bus  port  may  operate  as  either  Cl  or  C2. 
PORT  Cl  implements  the  COMM  port  emulation 
described  above.  Depending  on  the  user  defined 
setup,  this  port  can  utilise  a  512  byte  input  and 
output  FIFO  buffer,  resulting  in  rapid  data  transfer, 
under  control  of  the  host  PC.  Navstai"s  supplied 
CDU  programme  uses  this  mode  to  communicate 
with  the  XR5-PC12  when  running  on  the  host  PC. 

PORT  C2  is  a  data  streaming  8  bit  parallel  port 
implemented  on  the  ISA  bus,  and  occupying 
register  space  not  used  within  the  register  set  of 
Cl.  Thus  it  can  operate  independently  of  Cl 
whilst  occupying  the  same  8  byte  I/O  block. 

The  module  can  be  requested  to  swap  the  C2 
function  over  to  Cl  if  required.  Streaming  data 
achieves  the  ultimate  in  data  transfer  rate,  but 
requires  an  application  on  the  host  PC  that  is 
capable  of  maintaining  such  a  rate.  The 
information  to  be  streamed  is  requested  from  the 


XR5-PC12,  which  then  outputs  as  fast  as 
possible  using  a  FIFO  structure  to  isolate  the 
module’s  processor  from  the  output  task. 

PROTOCOLS 

Various  communication  protocols  are  supported 
by  the  various  ports.  These  range  from  simple 
ASCII  status  messages  to  complete  question  and 
answer  sessions  using  the  data  monitor  facility. 
Table  1  shows  the  availability  of  these  protocols 
on  each  port.  The  port  characteristics  are  set-up 
from  the  CDU  or  application  programme,  and  are 
remembered  in  critical  memory  during  power 
down.  A  mechanism  is  provided  to  enable  the 
user  to  return  to  CDU  mode  if  lock  up  within  the 
embedded  application '  prevents  the  host  from 
communicating  with  the  GPS. 

The  CDU  interface  is  available  on  both  the  ISA 
bus  and  one  serial  port.  This  enables  the  user  to 
run  Navsymms  CDU  software  on  either  the  host 
PC  or  an  external  one.  The  CDU  programme 
implements  the  Data  Monitor  debugging  and 
development  toolset,  so  an  application 
programmer  can  debug  the  GPS  part  of  his 
programme  from  outside  of  the  system  if 
necessary. 


Port  A 

Port  B 

PortCI 

Port  C2 

CDU  interface 

✓ 

RTCM-104  Interface 

✓ 

Streaminq  Data  Transfer 

✓ 

✓ 

ASCII  Status  Output 

✓ 

✓ 

TDMA  Modem  Control 

Time  of  Dav  Messaae  Output 

✓ 

One  Pulse  per  Second  Output 

✓ 

Table  1  Protocol  Availability 


PERFORMANCE 

The  taw  measurement  and  positioning 
performance  of  the  XR5-PC1 2  follows  closely  that 
of  the  other  members  of  the  XR5  family.  The 
following  figures  show  the  results  of 
measurements  taken  during  development  of  the 
product,  with  the  host  computer  being  a  486-DX 
machine  running  a  Data  Monitor  session  to 
retrieve  the  wanted  data.  Data  was  taken  at  once  a 
second. 

Figure  5  shows  the  performance  in  real  time 
differential  GPS  mode,  using  a  zero  baseline  and 
two  XR5-PC12S.  Similar  results  were  obtained 
with  a  variety  of  mobile  receivers,  the  intent  being 
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to  test  performance  of  the  XR5-PC12  as  a  base 
station. 


XR5-PC-12  OQPS  Performance  on  a  Zero  Baseline 
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Figure  5 


Figures  6  and  7  show  the  raw  measurement 
performance  of  code  and  carrier  respectively.  The 
RMS  figures  for  the  singie  difference  piots  are 
15cm  for  code  and  around  1  mm  for  carrier. 


NavSymm  XR5-PC-12  GPS  Card  Pseudorange  Noise 
single  Difference  Plot  from  a  Zero  Baseline  Test 
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Figure  6 


NavSymm  XRS-PC>12  GPS  Card  Carrier  Phase  Noise 
Single  Difference  Plot  from  a  Zero  Baseline  Test 
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Figure  7 


Figure  8  is  part  of  a  piot  taken  from  an  exercise 
using  the  XR5-PC12  in  an  appiication 
environment.  In  this  case,  the  board  was  mounted 
in  a  smaii  iSA-bus  frame  aiong  with  a  singie  board 
computer  {386  processor)  and  a  power  supply 
unit.  The  computer  was  running  Real  Time 
Positioning  software  from  Premier  GPS.  The  trial 
took  place  on  an  airfield  and  consisted  of  multiple 
laps  of  a  pre-marked  track,  at  speeds  of  up  to 
60mph.  The  Figure  shows  the  repeatability  in 
height  from  a  number  of  passes  over  the  same 
ground,  after  a  rapid  static  initialisation  at  the 
beginning  of  the  trial.  The  base  station  was  also 
an  XR5-PC12,  and  the  datalink  used  Navsymm 
UHF  radios.  The  plot  shows  repeatability  of  1  -3  cm 
in  height,  some  caused  by  the  inability  of  the 
driver  to  follow  exactly  the  same  track  each  time. 
This  demonstrates  a  potential  application  of  the 
XR5-PC12,  and  its  accuracy  when  used  in  this 
manner. 


Close  Up  of  Height  Profile  (lOOmph  Section) 
RTP  Survey  with  Quick  Static  tnitlallaation 


Figure  8 
CONCLUSION 

This  paper  has  introduced  the  XR5-PC12  and 
described  some  of  its  features  and  performance. 
The  product  finds  use  in  a  wide  variety  of 
applications  where  compatibiiity  with  standard  PC 
architecture  and  software  is  needed. 
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ABSTRACT 

Ashtech  announces  the  RTZ  real  time  Kinematic 
system.  This  product  essentially  combines  the 
world  leading  ASHTECH  Z-12  receiver  with  the 
leading  PNAV  post-processing  program  to 
provide  “in  the  box”  real  time  solutions  that 
equal  the  post-processed  solutions  achievable 
with  Z-12  and  PNAV.  This  system  is  the  heart 
of  an  ever  growing  number  of  “vertical” 
applications  such  as  GPSTopo  (a  topographical 
mapping  system),  SEISMARK  (a  seismic 
survey  stake  out  system)  and  MINE 
SURVEYOR  (  a  survey  system  optimized  for 
open  pit  mines.  The  system  is  also  being  used 
for  OEM  applications  requiring  real-time 
centimeter  accuracy. 

We  wish  to  make  two  main  points  in  this  paper: 

1.  Z-12  quality  is  the  key  to  the  success  of  this 
product. 

2.  Time  to  Fix  is  not  an  adequate  quality 
indicator  for  “On  the  Fly”  integer  ambiguity 
resolving  systems.  We  suggest  a  better  indicator 
and  show  its  use  for  the  RTZ  product. 

Th€  Z“12  SNR  Advantage  Yields; 

•  Lower  Noise 

•  Quicker  Acquisition/Settling  Time 

•  Ability  to  Track  Rapidly  Changing 

Ionosphere^ 


^  Yes.  The  ionosphere  is  back!  (San  Jose  Mercury  News  -  August  28, 1995).  The  eleven  year  sunspot 
cycle  has  just  passed  the  point  of  least  activity.  Ionospheric  interference  will  increase  through  the  next  five 
years. 
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All  at  the  Same  Time! 

At  previous  lONs  we’ve  talked  about  the  Z- 12 
SNR  advantage  and  showed  how  quiet  the  data 
was;  low  residuals  for  the  observables.  We  also 
talked  about  the  improved  settling  time.  (The 
amount  of  time  it  lakes  a  transient,  such  as  the 
one  experienced  on  signal  acquisition,  to  die 
away  is  proportional  to  the  inverse  noise 
bandwidths  of  the  tracking  loops. )  In  this  paper , 
we  would  like  to  mention  some  of  the  other  Z-12 
advantages. 

Tracking  of  Rapidly 


First,  the  Z-12  unequaled  SNR  advantage  allows 
it  to  track  rapidly  varying  ionosphere 

We  were  recently  sent  some  data,  which  was 
obtained  by  a  satisfied  customer,  taken  in  an  area 
of  high  ionospheric  activity.  The  following  plots 
demonstrate  the  ability  of  the  Z-12  to  continue 
tracking  the  “Y -buster”  observables  under  such 
conditions. 


Varying  Ionosphere 


L2  .  (60/77)  LI  L2  -  (60/77)  Li 

phase  phase 


The  plot  on  the  right  is  a  “blow  up”  of  the 
largest  transient  in  the  full  plot  shown  on  the 
left.  The  change  of  3  L2  cycles  in  ten  seconds  in 
the  L2  -  (60/77)  LI  phase  is  equivalent  to  a 
change  in  the  LI  delay  of  6  LI  cycles  in  ten 
seconds  which  is  over  a  meter  in  10  seconds. 

And,  the  ionospheric  delay  changed  from 
essentially  zero  rale  to  this  large  rate  of  change  in 
less  than  10  seconds.  Cross  correlating  receivers 
will  not  track  this  much  ionospheric  variation. 
The  Z-12  “P”  variables  tracked,  with  no  cycle 
slips,  throughout  this  period  of  large  transients. 


Another  area  where  the  Z-12  is  superior  is  in  the 
area  of  resistance  to  jamming.  The  following 

table  summarizes  an  independent  study^  where 
geodetic  receivers  from  the  top  four 
manufacturers  (Ashtech,  Leica,  Allan  Osborne 
and  Trimble)  were  switched  on  near  Rotterdam 
Harbor  Entrance,  where  users  have  reported  the 
inability  to  track  GPS  satellites.  The  suspected 
source  of  the  interference  is  a  radio  transmitter 
which  is  part  of  the  harbor  infrastructure. 


%  of  Visible  Satellites  Successfully  Tracked 


Receiver 

Near  Rotterdam  Harbor 
Entrance 

1  km  from  Harbor 
Entrance 

2  km.  from  Harbor 

entrance 

Ashtech  Z-12 

100% 

100% 

100% 

B 

0% 

55% 

67% 

c 

0% 

63% 

88% 

D 

0% 

0% 

0% 

^  Sluiter,  P.G.  and  Haagmans,  M.E.E.;  Comparative  Test  Between  Geodetic  Y-GPS  receivers. 
Susceptiblity  to  Radio  Frequency  Interference.  GPS  Nieuwsbrief,  May  1995 
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Nole: 

1.  The  engineers  who  conducted  this  test  did 

nothing  to  purposefully  jam  the  receivers. 
This  performance  is  the  normal  performance 
in  the  locations  tested. 

2.  Since  this  test  was  done,  Ashtech  Z-12 

technology  has  been  improved  to  give  30 
times  more  jam  immunity. 

HOW  DO  WE  .lUPGE  ON  THE  ELY 
AMBIGUITY  RESOLVERS? 

We  have  seen  it  suggested  that  the  appropriate 
specification  is  TTF  (Time  to  Fix  ambiguities.) 
Indeed  we  have  seen  product  specifications  where 
TTF  is  indeed  the  sole  specification. 


TIME  TO  FIX  IS  NOT  ENOUGH! 

WHAT  PERCENTAGE  ARE  CORRECT? 

Suppose  manufacturer  B’s  OTF  system 
determined  the  integer  ambiguities  40%  faster 
than  manufacturer  A’s  system.  However,  was 
correct  70%  of  the  time  while  “A”  was  correct 
99.8%  of  the  time.  “B”  would  be  useless  for  any 
kind  of  surveying  work  but  would  win  70%  of 
the  head  to  head  “shoot-outs”  (where  a  customer 
pits  one  system  against  another). 

Clearly,  the  TTF  is  useless  without  also 
specifying  a  confidence  level. 

Consider  the  next  figure: 


Time  to  Fix  vs  Confidence 


We’ve  plotted  the  curves  from  our  data  sheets. 
Here,  one  chooses  the  confidence  level 
(horizontal  axis)  and  the  curves  tell  the  user  how 
long  it  typically  takes  to  determine  ambiguities. 
There  are  curves  for  different  numbers  of  observed 
satellites.  These  curves  are  based  on  actual  data 
under  a  wide  range  of  conditions. 


We  see  that  if  there  are  8  satellites  being  tracked, 
the  result  is  almost  instantaneous,  as  is  the  case 
for  7  satellites  if  99%  confidence  is  sufficient. 

The  Z-12  allows  the  user  to  select  a  confidence 
level,  then  the  system  determines  integer 
ambiguities  as  fast  as  possible  while 
guaranteeing  the  confidence  level. 
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£QNCLUSIQN 


The  following  table  sunmmarizes  the  data  which 
was  used  to  determine  the  last  figure  as  well  as 
some  new  data  (12,000  test  in  all) .  These  are 
averages  over  expected  satellite  number,  baseline 
length,  etc. 

Average  Ambiguity  Resolution  Speed 


Confidence  Level 

Average  Speed 
(seconds) 

90% 

2 

95% 

5 

99% 

40 

99.8% 

65 

Not  only  do  we  believe  that  our  RTZ  system  is 
unmatched  in  centimeter  level  real  time 
navigation,  we  also  believe  that  the  criteria  by 
which  such  systems  are  judged  need  to  reflect  the 
confidence  that  the  obtained  solution  is  correct. 

We  suggest  that  the  above  method,  of  showing 
both  time  to  fix  ambiguities  and  actual 
confidence,  provides  criteria  by  which  all  real¬ 
time  centimeter  systems  should  be  compared. 
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ABSTRACT: 

Earth  observation  missions  which  use  direct  broadcast 
links  for  data  distribution  to  local  users  will  benefit 
from  the  on-board  real-time  knowledge  of  the  orbital 
position,  which  can  be  broadcasted  for  geolocalisation 
of  the  observation.  The  autonomous  orbit  determina¬ 
tion  (OD)  of  the  satellite  would  also  reduce  the  opera¬ 
tional  costs  of  the  mission  through  the  reduction  of  the 
ground  stations  utilisation. 

The  European  Space  Agency  (ESA)  and  GMV  (Grupo 
de  Mecanica  del  Vuelo)  are  currently  investigating  a 
GPS-based  OD  System  for  Earth  observation  missions, 
using  the  MetOp  mission  as  a  study  case.  The  MetOp 
system  is  a  European  satellite  series  for  operational  me¬ 
teorology  and  climate  monitoring  from  the  polar  orbit 
which  will  complement  the  NOAA  Polar  Orbiting  En¬ 
vironmental  Satellite  System.  It  is  being  built  for 
Eumetsat  which  will  operate  it  after  launch  in  2001. 

This  paper  reviews  and  analyses  the  system  require¬ 
ments  leading  to  orbit,  attitude  and  datation  require¬ 
ments  and  presents  some  preliminary  analyses  on  the 
applicability  of  GNSS  to  the  autonomous  orbit  deter¬ 
mination  (OD)  of  MetOp  including  investigations  of 
estimation  techniques  for  attenuating  the  disturbing 
effect  of  selective  availability  and  of  the  need  for  an 
on-board  orbits  dynamics  model  and  its  relevance.  A 
GPS-based  OD  algorithm  is  defined  in  detail.  Software 
implementation  in  a  state-of-the-art  simulation  system 
allows  to  derive  detailed  performance  and  sensitivity 
analysis  estimates  of  the  resulting  system  and  the  hard¬ 
ware  demands  of  the  proposed  algorithms. 

The  proposed  GPS-based  OD  system  provides  real¬ 
time  orbit  determination  to  the  local  users  in  the  order 
of  15  to  30  m  accuracy  which  is  not  only  far  better  than 
what  provided  by  conventional  methods  but  also  im¬ 
plies  a  significant  decrease  in  the  operations  for  the  lo¬ 
cal  users. 
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1.  INTRODUCTION 

In  the  frame  of  the  Earth  observation  satellites  carrying 
high  resolution  radiometer,  and  in  particular  of  the  Me- 
tOp  mission,  we  are  primarily  interested  in  solving  the 
problem  of  pixel  localisation,  i.e.  the  knowledge  of 
what  point  over  the  surface  of  the  Earth  a  given  instru¬ 
ment  is  looking  at.  Analysis  have  proven  that  the  orbit 
knowledge  is  one  of  the  critical  contributors  to  the  total 
pixel  localisation  error.  Initial  MetOp  design  assumes 
the  all-time  availability  of  an  orbit  knowledge  with  a 
precision  of  order  of  900  m  (max.  values)  where  this 
value  accounts  for  both  the  classical  ground-based  orbit 
determination  accuracy  and  the  accuracy  of  the  neces¬ 
sary  propagations  which  must  be  performed  by  the  lo¬ 
cal  users. 

With  GPS  there  are  obvious  potential  benefits:  no  need 
for  ground-based  orbit  determination,  no  need  for  dis¬ 
tributing  the  orbital  parameter  updates  to  the  local  us¬ 
ers  and  no  need  for  the  local  users  to  perform  orbit 
propagations.  In  addition,  an  autonomous  GPS-based 
OD  algorithm  would  also  dramatically  increase  the 
real-time  orbit  determination  accuracy.  The  design  of 
such  an  autonomous  GPS-based  OD  system  must  con¬ 
sider  the  primary  objective  of  solving  the  problem  of 
pixel  localisation  error.  Current  system  requirements 
claim  for  a  pixel  localisation  error  of  1  Km  for  nadir¬ 
looking  directions.  Taking  into  account  the  problem 
geometry  one  can  deduce  that  real-time  OD  errors  be¬ 
low  20  to  30  m  make  the  contribution  of  OD  errors  to 
the  total  pixel  localisation  error  almost  negligible. 
There  is  an  obvious  trade-off  to  be  performed  between 
the  algorithms  complexity  (being  an  on-board  applica¬ 
tion  it  is  particularly  important  to  minimise  the  hard¬ 
ware  demands)  and  the  orbit  determination  accuracy 
and  efforts  have  been  directed  to  keep  system  simplic¬ 
ity  while  increasing  the  orbit  positioning  accuracy  to 
the  maximum  possible  extent. 

2.  PROBLEM  CHARACTERISATION 

2.1.  MetOp-1  reference  orbit 

MetOp- 1  will  operate  in  the  sun  synchronous  near  cir¬ 
cular  orbit  specified  in  table  1 . 


2.2.  Basic  observables 

The  GPS  receiver  is  the  hardware  in  charge  of  process¬ 
ing  the  input  GPS  signal  in  order  to  the  pseudorange 
and  integrated  Doppler  (continuous  carrier  phase) 
measurements  (for  every  receiver  channel). 

2.3.  Orbit  Determination  Concepts  and  Algo¬ 
rithms 

Different  tracking  concepts  might  be  applied,  including 
GPS  based  OD,  GLONASS  based  OD,  dual 
GPS/GLONASS  based  OD,  dual  GPS/Inmarsat  based 
OD,  and  combined  GPS/GLONASS/Inmarsat  based 
OD. 

This  paper  focuses  on  the  investigations  and  analyses 
that  have  been  performed  only  for  the  GPS  based  OD 
concept.  For  the  particular  case  of  GLONASS  the 
achievable  performances  will  be  similar  to  that  pro¬ 
vided  by  GPS  improved  by  switching  off  some  errors 
sources,  namely  the  selective  availability  effects. 

The  GPS  based  OD  will  be  based  on  a  dynamic  ap¬ 
proach  using  a  Kalman  filter:  a  MetOp- 1  position  and 
velocity  evolution  prediction  model  (i.e.,  an  orbit 
propagation  model)  will  be  used.  This  approach  is  pre¬ 
ferred  to  the  position  fix  approach  because  some  effects 
of  the  errors  in  the  measurements  are  mitigated  in  our 
proposed  approach  due  to  the  availability  of  a  quite 
accurate  orbit  dynamics  model,  resulting  in  a  signifi¬ 
cantly  better  OD  accuracy. 

2.4.  GPS-based  OD  Performance  Drivers 

The  accuracy  of  the  GPS  based  OD  depends  mainly  on 
the  following: 

•  Ephemeris  of  the  GPS  satellites:  the  orbital  pa¬ 
rameters  of  the  GPS  satellites  broadcasted  in  the 
navigation  message  allow  the  user  to  calculate  the 
satellite  position  with  only  a  certain  degree  of  ac¬ 
curacy.  This  accuracy  is  degraded  by  the  US  De¬ 
partment  of  Defence  with  the  so  called  Selective 
Availability  (SA)  up  to  different  levels.  Apart 
from  that,  both  the  satellite  orbital  parameters  and 
the  clock  correction  coefficients  are  updated  ap¬ 
proximately  once  every  4  hours  and  their  validity 
period  extends  for  6  hours.  Ephemeris  data  are 
given  for  a  reference  time  and  so  the  accuracy  de¬ 
grades  as  a  function  of  time  with  respect  to  the 
reference  time. 

•  GPS  satellite  clock  errors:  the  Control  Segment 
upload  code  phase  adjustments  so  as  to  maintain 
all  GPS  satellites  times.  The  fluctuations  of  the 
GPS  satellite  clock  are  calibrated  by  the  control 
segment  by  using  a  second-order  polynomial,  the 
coefficients  of  which  are  included  in  the  corre¬ 
sponding  GPS  navigation  message.  The  GPS  re¬ 
ceiver  will  use  this  polynomial  function  to  correct 


•  Type 

Polar  sun  synchronous 

•  Repeat  cycle 

5  days  (71  orbits) 

•  Local  solar  time  (des.  node) 

9.00  h 

•  Longitude  asc,  node 

0.0  deg 

Mean  keplerian  elements:  I 

•  Semi-major  axis 

7,197.939472  Km 

•  Eccentricity 

0.001165 

•  Inclination 

98.704663  deg 

•  Right  ascens.  of  asc.  node 

55.835595  deg 

•  Argument  of  perigee 

90.000000  deg 

•  Mean  anomaly 

270.13359  deg 

Table  1:  MetOp- 1  reference  orbit 
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the  transit  time  of  the  GPS  signal.  The  accuracy  of 
this  correction  is  limited  and  may  be  degraded 
with  SA. 

•  Selective  Availability:  SA  is  an  intentional  degra¬ 
dation  of  the  broadcast  GPS  satellites  ephemeris 
(i.e.,  orbital  elements  and  atomic  clock  parameters 
information)  and/or  a  dithering  of  the  oscillator 
on-board  the  GPS  satellite  that  results  in  degraded 
(single)  receiver  positioning  accuracy.  Such  deg¬ 
radation  is  effectively  removed  using  differential 
techniques,  but  these  are  not  applicable  to  our 
case  as  they  would  require  continuous  communi¬ 
cation  from  ground  to  satellite.  In  order  to  im¬ 
prove  the  performances  of  the  on-board  GPS 
based  OD  function,  an  on-board  mitigation  of  the 
SA  effects  is  required:  due  to  the  identified  sto¬ 
chastic  characteristics  of  the  SA,  an  on-board  es¬ 
timation  of  the  SA  is  required.  This  issue  will  be 
further  discussed  in  section  4. 

•  Ionospheric  propagation:  its  effect  is  a  time  delay 
in  the  GPS  transit  time  (form  GPS  satellite  to  user 
spacecraft)  which  will  depend  on  the  Sun,  space¬ 
craft  and  GPS  satellites  position,  solar  activity, 
etc.  In  our  case  the  orbit  ia  at  an  altitude  of  800 
Km  and  it  can  be  shown  that  the  range  of  iono¬ 
sphere  refraction  correction  is  bounded  at  values 
of  approximately  2  m.  Such  an  error  is  much 
smaller  than  other  disturbing  effects  (e.g.  SA), 
hence  on-board  estimation  of  ionosphere  refrac¬ 
tion  correction  is  not  required. 

•  User's  clock  errors:  a  GPS  receiver  generates  a 
replica  of  the  received  C/A  code  signal.  One  pe¬ 
riod  of  this  code  lasts  1  ms  and  consists  of  1023 
bits  of  0.978  microseconds.  The  edges  of  this 
stream  of  bits  have  no  absolute  reference  time.  By 
receiving  the  satellite  C/A  code  and  the  naviga¬ 
tion  message,  the  user's  receiver  is  set  to  GPS 
time  at  a  certain  initial  time.  From  this  moment 
the  user's  clock  drifts  from  GPS  time  due  to  its 
frequency  drift  with  time. 

•  User's  receiver  noise:  thermal  noise  limits  the  ac¬ 
curacy  in  the  measurement  of  pseudorange  and  in¬ 
tegrated  Doppler  to  a  degree  which  depends  on 
the  design  of  a  particular  GPS  receiver  and  the 
signal  power  received. 

2.5.  Assumptions  and  constraints 

The  results  presented  in  this  paper  are  based  on  the 
assumption  of  the  availability  on-board  of  a  multi¬ 
channel  parallel  receiver  and  an  antenna  designed  and 
accommodated  in  such  a  way  to  provide  160  deg  field 
of  view  with  the  antenna  boresight  coinciding  with  the 
zenith  direction,  the  GPS  constellation  is  assumed  as 
being  composed  of  24  satellites.  Use  of  differential 
GPS  or  of  (military)  receivers  equipped  with  SA- 
removal  data  processing  capability  is  explicitly 


excluded.  The  most  significant  GPS  receiver 
characterising  data  is  assumed  being  as  follows: 


C/A  code  pseudo-range  noise  (rms) 

0.5  m 

Number  of  GPS  receiver  channels 

9 

Integrated  Doppler  noise  (rms) 

1  mm 

Initial  value  of  the  clock  bias 

0.1  msec 

Initial  value  of  the  normalised  frequency  error 

10’ 

Normalised  frequency  error  derivative 

-10'^  s' 

Table  2:  Assumed  GPS  receiver  characterising  data 


3.  OBSERVABILITY  ANALYSIS  FOR  MetOp-1 

Figures  1  and  2  show  the  number  of  visible  satellites 
for  the  GPS  case  and  also  for  some  other  mixed 
constellations.  As  expected,  the  use  of  mixed 
constellations  brings  advantages  in  terms  of: 

•  Accuracy:  the  number  of  observables  increases 
significantly  thus,  allowing  better  orbit  determi¬ 
nation  accuracy.  The  PDOP  improves  as  a  result 
of  better  constellation  geometry. 

•  Integrity:  with  mixed  constellations  it  is  possible 
to  perform  receiver  autonomous  integrity  monitor¬ 
ing  since  in  those  cases  the  minimum  number  of 
visible  satellites  exceeds  those  required  to  per¬ 
form  failure  detection,  which  requires  5  satellites 
at  least,  or  failure  identification,  which  requires  6 
satellite  at  least. 


Inmarsat  GLONASS  Inmarsat  + 

GLONASS 

Figure  1 :  Number  of  visible  satellites  for  different  con¬ 
stellations  (antenna  coverage  of  160  deg). 


Inmarsat  GLONASS  Inmarsat  + 
GLONASS 

Figure  2:  PDOP  values  for  different  constellations 
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4.  ESTIMATION  TECHNIQUES  FOR  ATTENU¬ 
ATING  THE  DISTURBING  EFFECT  OF  SE¬ 
LECTIVE  AVAILABILITY 

By  far  the  most  important  source  of  error  which  limits 
the  achievable  real-time  orbit  determination  accuracy 
of  a  GPS-based  estimator  is  SA.  Considering  the  meas¬ 
urement  equations  for  pseudo-range  and  integrated 
Doppler  it  may  be  seen  that  they  both  include  corre¬ 
lated  noise  due  to  SA.  Hence  we  must  augment  the 
system  state  vector  to  be  able  to  express  the  Kalman 
equations  in  a  form  which  assumes  uncorrelated  meas¬ 
urement  noise.  State  vector  augmentation  implies  also 
to  include  models  for  the  propagation  of  the  new  vari¬ 
ables  accordingly.  The  choice  of  the  models  and  asso¬ 
ciated  parameters  becomes  a  key  element  for  system 
design.  We  have  considered  two  lines  of  search: 
methods  based  on  system  identification,  involving  the 
use  of  a  second  filter  to  identify  SA  model  parameters, 
and  a  second  order  Gauss  Markov  model  for  SA  either 
with  fixed  or  adapted  parameters. 

4.1.  Methods  based  on  system  identification 

We  have  considered  the  Prony  spectral  line  estimation, 
the  Pisarenko  harmonics  decomposition  and  the  Ra¬ 
tionale  transfer  function  modelling.  The  Prony  spectral 
line  estimation  model,  as  well  as  the  Pisarenko 
harmonics  decomposition  model,  assumes  that  the 
signal  to  be  analysed  is  composed  of  a  linear 
combination  of  several  sinusoids,  whose  amplitude  may 
be  damped,  embedded  in  white  noise.  Whereas  Pis¬ 
arenko’s  is  a  spectral  decomposition  methods,  Prony's 
may  be  considered  as  a  fitting  method,  either  exact 
(Hildebrand  approach)  or  approximate  with  a  least 
squares  error  minimisation  procedure  (usually  called 
extended  Prony).  Although  not  every  discrete-time 
process  (signal)  may  be  represented  by  a  rationale 
transfer  function  model  (RTF),  in  most  of  practical 
cases  it  is  possible  to  find  some  RTF  close  enough  to 
the  actual  model,  as  to  allow  to  extract  valuable  infor¬ 
mation  characterising  the  signal.  In  general,  mathe¬ 
matical  results  based  on  RTF  will  suggest,  if  not  pro¬ 
duce,  acceptable  solutions,  as  far  as  liner  models  are 
applicable. 

These  methods  offer  interesting  advantages  over  tradi¬ 
tional  or  classical  system  identification  or  spectral  de¬ 
termination  methods  like  FFT  and  others  similar.  Very 
few  samples  are  required  to  match  either  the  frequen¬ 
cies  present  in  the  signal  (Prony  and  Pisarenko)  or  di¬ 
rectly  the  coefficients  of  an  autoregressive  (AR)  system 
model  (RTF).  Typically  64  to  128  samples  are  enough, 
or  even  less  in  case  of  reduced  orders  (two  to  three  fre¬ 
quencies,  or  up  to  third  order  in  the  AR  model).  Accu¬ 
rate  estimation  is  performed  for  frequencies  comprised 
between  0.01  and  0.5  times  the  sampling  frequency. 
Unfortunately,  fi’equencies  below  0.01  times  the  sam¬ 
pling  frequency  are  difficult  to  detect,  so  it  is  not  pos¬ 
sible  to  determine  long  period  components  of  SA.  In 


particular,  the  general  statement  of  the  Pisarenko 
method  requires  a  very  accurate  estimation  of  the  auto¬ 
correlation  matrix  to  avoid  the  possibility  of  spurious 
tones  being  detected.  Moreover,  one  should  think  that 
SA  estimates  are  to  be  used  immediately,  hence  sub¬ 
sampling  to  estimate  low  frequency  tones  is  not  useful, 
also  because  the  number  of  sub-samples  required  for  a 
correct  estimation  would  imply  times  longer  than  satel¬ 
lite  visibility  times,  thus  rendering  the  low  frequency 
estimate  useless. 

Besides,  the  key  in  the  applicability  of  these  methods  is 
the  coupling  between  the  on-board  EKF  and  the  SA 
filter.  This  coupling  comes  mainly  through  the  covari¬ 
ance  matrix  components  associated  with  SA  model.  We 
have  observed  a  great  sensitivity  to  this  coupling  to  the 
extent  of  forcing  the  EKF  to  diverge.  Correct  resetting 
of  covariance  is  essential  whenever  a  satellite  change  in 
a  channel  is  observed.  Additionally,  the  filter  computa¬ 
tional  burden  increases  with  the  number  of  tones  being 
detected,  so  in  practice  the  number  of  frequencies  to  be 
detected  must  be  fixed  and  small.  As  explained,  RT- 
F(AR)  method  requires  a  limitation  in  the  polynomial 
order.  The  case  of  AR  model  of  order  two  is  equivalent 
to  a  Gauss-Markov  model  of  order  two,  but  requires 
more  computations  if  the  AR  parameters  are  to  be  de¬ 
termined.  This  fact,  among  others,  suggests  that  the 
treatment  of  a  particular  2nd  order  AR  may  be  directly 
performed  with  a  single  EKF,  dispensing  with  the 
identification  part.  Another  fact  pointing  towards  the 
use  of  a  single  EKF  is  that  of  possible  filter  instability 
due  to  rapid  variations  in  the  estimated  coefficients, 
which  forces  a  low  pass  filtering  of  these  parameters 
before  feeding  them  back  to  the  first  filter. 

Hence,  Pisarenko,  Prony  and  RTF(AR)  methods  were 
discarded,  in  spite  of  the  fact  that  in  another  frame  they 
could  be  successfully  employed. 

4.2.  Methods  based  on  augmented  Kalman  filter¬ 
ing 

We  have  considered  Gauss-Markov  models,  including 
KF  with  first  order,  second  order  and  adaptive  second 
order  Gauss-Markov  models  for  SA.  The  first  order 
Gauss-Markov  model  represents  the  simplest  approach 
where  the  state  vector  being  estimated  (i.e.  user 
position  and  velocity,  user  clock  errors  and  integration 
Doppler  constants)  by  the  KF  is  extended  with  a 
number  of  ECRV's  (once  per  each  receiver  channel, 
usually  referred  to  as  range  biases)  with  fixed  time 
constant.  Second  order  Gauss  Markov  models  represent 
a  similar  approach  but  in  this  case  the  state  vector  is 
further  augmented  with  the  range  bias  derivatives  at 
each  receiver  channel.  Second  order  Gauss-Markov 
may  be  either  the  damped  or  the  critically  damped 
model.  SA  model  parameters  (natural  frequency  and 
noise  covariance)  are  constant  (i.e.  not  tuned  by  the 
unique  KF)  and  must  be  set  conveniently  to  avoid  filter 
divergence  (natural  frequency  too  high)  or  lack  of 


176 


tracking  (natural  frequency  too  low).  In  the  case  of 
adaptive  second  order  Gauss-Markov  model,  two  filters 
are  required.  The  first  one  is  similar  to  that  of  the 
preceding  cases,  but  now,  at  every  step,  the  second 
filter  adapts  the  parameters  of  the  second  order  Gauss- 
Markov  models  used  by  the  first  filter.  This  second 
filter  is  a  simple  second  order  Kalman  filter. 

In  order  to  preliminary  compare  first  and  second  order 
Gauss-Markov  models  performance,  several  simulation 
cases  were  conducted.  Simulations  show  an  average 
improvement  of  some  six  meters  if  second  order  Gauss- 
Markov  is  used  instead  of  the  first  order.  Such  a  rela¬ 
tively  small  improvement  does  not  entirely  justify  the 
use  of  the  second  order  model  in  our  particular  appli¬ 
cation  case  (we  are  particularly  interested  in  minimis¬ 
ing  the  software  complexity  and  such  an  improvement 
does  not  imply  a  significant  decrease  of  our  primary 
concern,  the  pixel  localisation  error).  Similar  analysis 
were  performed  with  the  adaptive  version,  showing  that 
no  significant  improvement  of  the  adaptive  versus  the 
non-adaptive  version  is  attained,  hence  second  order 
adaptive  Gauss-Markov  models  were  also  discarded. 
Additional  analysis  of  the  estimation  accuracy  with  dif¬ 
ferent  SA  models,  also  showed  that  the  on-board  esti¬ 
mation  scheme  based  on  a  first  order  Gauss-Markov 
model  is  more  robust  than  the  second  order  version 
mainly  due  to  the  necessity  of  parameters  tuning  for 
every  different  SA  real  world  model.  This  re-tuning  can 
be  avoided  by  means  of  an  adaptive  filter  (robustness 
should  be  assessed),  but  achieved  orbit  position  accu¬ 
racy  obtained  with  the  first  order  version  does  not 
justify  the  additional  burden  introduced  by  an  adaptive 
second  order  scheme. 

5.  ORBIT  DYNAMICS  MODEL 

Two  kind  of  on-board  dynamics  models  have  been 
considered,  analytic  and  numerical.  Analytic  models 
are  in  principle  less  time  expensive  than  numerical 
models  requiring  on-board  integration.  However  most 


of  the  available  analytic  or  semi-analytic  models  lack 
from  the  ability  of  either  being  self-contained 
(requiring  a  set  of  parameters  to  be  computed  on-board 
and  uplinked  to  the  spacecraft,  because  otherwise  after 
expiration  of  the  validity  interval  the  propagation  errors 
keep  growing)  or  of  allowing  propagation  at  short  time 
intervals  (of  typically  1  sec,  the  working  frequency  of 
our  estimation  filter).  This  does  not  prevent  the  feasi¬ 
bility  of  a  suitable  analytic  or  semi-analytic  on-board 
dynamics  for  our  purposes  of  on-board  autonomous 
orbit  determination.  However,  the  development  of  such 
a  model  is  costly  and  it  was  seen  not  being  particularly 
critical  to  our  application  case. 

The  selected  on-board  propagator  uses  as  integrator  a 
second  order  Runge-Kutta  method.  This  ensures  mini¬ 
mum  computation  time  while  keeping  integration  accu¬ 
racy.  In  the  dynamic  equations  the  acceleration  model 
only  accounts  for  the  spherical  field  gravity  accelera¬ 
tion  plus  the  J2  and  fy  terms.  This  on  board  dynamic 
model  was  compared  with  reference  propagator 
implementing  state  of  the  art  orbit  dynamics  (50x50 
Earth  gravity  field  model,  accurate  third  body 
perturbations  due  to  Sun  and  Moon,  solar  radiation 
pressure  and  aerodynamic  effects  computed  with  the 
MSIS  CIRA-86  atmospheric  model).  The  acceleration 
model  error  of  our  proposed  orbit  propagator 
(hereinafter  referred  to  as  2x2  model)  is  bounded  at 
values  of  approximately  2x10''^  m/s^. 

6.  ON-BOARD  ORBIT  DETERMINATION  AL¬ 
GORITHMS 

The  on-board  software  required  for  performing  the 
autonomous  GPS  based  OD  is  summarised  in  figure  3 
which  represents  a  particular  application  case  of  an 
extended  Kalman  filter.  Such  an  algorithm  is  able  to 
provide  real-time  estimation,  i.e.  the  time  at  which  the 
estimate  is  output  coincides  with  the  last  measurement 
point. 


Figure  3:  OD  function  architecture. 
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It  has  been  assumed  that  the  selection  of  the  GPS  satel¬ 
lites  to  be  tracked  is  performed  by  the  receiver  itself.  In 
our  case  we  are  assuming  having  9  channels  which 
makes  that  the  selection  of  the  GPS  satellites  to  be 
tracked  does  not  play  an  important  role. 

The  functions  required  are  here  briefly  summarised: 

•  Acquisition  of  GPS  receiver  data:  the  GPS  re¬ 
ceiver  will  output  the  following  data  which  feeds 
our  estimation  filter:  identification  of  the  GPS 
satellites  tracked,  the  raw  GPS  measurements 
(pseudo-range  and  integrated  Doppler)  for  all  the 
receiver  channels  and  antennas,  the  time  of  meas¬ 
urement  in  the  receiver  clock,  and,  the  GPS  satel¬ 
lite  navigation  message  data,  including  the 
ephemeris  of  the  GPS  satellites  being  tracked. 

•  Prediction  of  the  GPS  satellites  state  vector: 
some  GPS  satellite  data  are  required  for  the 
measurement  processing  (i.e.,  GPS  satellite  posi¬ 
tion,  velocity  and  acceleration  vectors  for  the  ob¬ 
servables  on-board  prediction  and  for  the  obser¬ 
vation  matrix  computation,  see  below).  Hence,  a 
GPS  satellites  state  vector  prediction  is  required. 
Such  prediction  will  be  performed  from  the  GPS 
satellites  ephemeris  contained  in  the  GPS  Navi¬ 
gation  Message  Data  using  Keplerian  propagation 
modified  to  account  for  second  order  harmonic 
perturbations. 

•  Initialisation  of  the  state  vector  and  covariance 
matrix  for  orbit  determination:  the  state  vector 
used  will  consist  of  (8-^2nc)  components  as  fol¬ 
lows  (note  that  stands  for  the  number  of  GPS 
receiver  channels): 

^ state  ~  \.^CfEQ  ^CIEQ  ^clock  ^ 

where  ^cieq  spacecraft  centre  of 

mass  position  and  velocity  vectors  expressed  in 
the  inertial  frame,  is  the  normalised  GPS  re¬ 
ceiver  clock  frequency  error,  ATg  is  the  time  bias 
of  the  GPS  receiver  cock,  is  a  vector  of  ranges 
biases  (one  per  each  receiver  channel),  and  /  is  a 
vector  of  integration  Doppler  constants  (one  per 
each  receiver  channel).  The  initialisation  of  such 
vector  (mean  and  covariance)  is  performed  from 
input  parameters. 

•  Propagation  of  the  mean  state  vector:  the  state 
vector  is  propagated  as  follows 

-  if  there  is  a  change  of  the  GPS  satellite 
tracked  in  a  receiver  channel,  the  elements 
of  the  state  vector  corresponding  to  the  as¬ 
sociated  range  bias  and  integrated  Doppler 
constant  are  re-initialised, 

-  the  propagation  of  the  spacecraft  position 
and  velocity  is  performed  by  integrating  nu¬ 
merically  the  equations  of  motion  in  the  in¬ 


ertial  frame  (a  second  order  Runge-Kutta 
method  is  used), 

-  the  propagation  of  other  elements  of  the 
state  vector  is  performed  analytically  as  fol¬ 
lows: 

Ar  j  A/ 

^  Kiock  +  V 1  -  e 
ATg  =  ATg  +  E^ig^i^At  +  ^fAt 

^  j  ^ 

I  =  Jr  +  c( K,yfAtrij+a^At  +  af^ At^  - E;,^,,At) 

where  At  is  the  sampling  period,  and 
OfT  are  the  time  constant  and  variance 

Eclock 

constabnt  for  modelling,  Tg  and  <7^ 
are  the  time  constant  and  variance  constant 
for  range  biases  modelling,  are  con¬ 

stants  for  modelling  the  integration  Doppler 
constants,  is  a  state  constant  for  the  re¬ 
ceiver  clock  bias  modelling,  Kj  are  constant 
for  modelling  of  the  integrated  Doppler  con¬ 
stants,  ^hite  Gaussian 

noises  and  c  is  the  velocity  of  electromag¬ 
netic  waves  in  vacuum. 

•  Propagation  of  the  state  vector  error  covariance 
matrix:  the  state  vector  error  covariance  matrix  is 
propagated  as  follows 

-  if  there  is  a  change  of  the  GPS  satellite 
tracked  in  a  receiver  channel,  the  elements 
of  the  estimated  covariance  matrix  corre¬ 
sponding  to  the  associated  range  bias  and  in¬ 
tegrated  Doppler  constant  should  be  initial¬ 
ised, 

-  the  transition  matrix  of  the  spacecraft  posi¬ 
tion  and  velocity  vectors  is  computed  ana¬ 
lytically  by  using  the  formulation  of  a  sec¬ 
ond  order  Runge  Kutta  numerical  integrator. 
The  required  dynamic  matrix  is  computed 
analytically  from  the  linearised  formulation 
and  using  the  estimated  state  vector.  The 
transition  matrix  of  other  estimated  parame¬ 
ters  is  constructed  analytically  from  their 
modelled  dynamics. 


The  overall  transition  matrix  is  as  follows: 


(•^C/£0’^C/£q) 

0 

0 

0 

0 

0 

0(A7i) 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0(7) 

where, 

4/)]-[A(,)]) 

[/]A/+- 

^A;^[A(f)] 

) 
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with  At  is  the  integration  step  and  [A(t)]  is 
the  Jacobian  matrix  for  the  acceleration  due 
to  the  gravitational  field,  which  elements  are 
computed  as  follows: 


R  r]r^  R^  ^  R^ 


2  1-5- 


=  3^^j£i+iL/ 


R  R\R^  R' 


4„=^  +  3 


R^  R'  R' 


2  l-5-:r  -1 


A.  -3!^  ik+iLy  2  1-5 
RR]r^  R^^  R^ 


,  3  /?'f  ZM 

(X,  F,Z)  =  (X^f^Qy  ^cieq'>^cieq)  ~  -^c/fG 
R  =  ylx^  +  Y^-hZ^ 

the  submatrices  corresponding  to  the  non¬ 
dynamic  terms  of  the  state  vector  are, 

o(A7;)  =  i 

MAT„E,,,J  =  At 


HEc,oJ  =  e 


<i»{l,E,,J  =  {-cAt  ...  -cAt]l,, 


~  the  error  covariance  matrix  associated  to  the 
state  vector  is  propagated  using  a  discrete 
formulation.  The  system  noise  associated  to 
the  spacecraft  state  vector  is  computed  ana¬ 
lytically  from  the  uncertainties  in  the  on¬ 
board  orbit  dynamics  model,  whereas  the 
system  noise  covariance  matrix  associated  to 
the  estimated  parameters  is  directly  con¬ 
structed  from  their  on-board  modelled  dy¬ 
namics.  The  covariance  matrix  propagation 
is  done  by  using  a  U-D  factorisation  in  order 
to  reduce  the  on-board  computer  workload 
as  well  as  to  improve  the  numerical  stability. 

The  total  system  matrix  is  as  follows, 

^  0  0  0 

0  Q{^T,)  Q(AT„E,,^,)  0  0 

0  Q{AT„E,,^,)  0  0 

0  0  0  Q(b)  0 

0  0  0  0  q(i) 

with, 


‘0  0  0  0  0  0 

0  0  0  0  0  0 

/  000000 
GUc/ES>^C/£j=  0  0  0  0  0 

0  0  0  0  0 

0  0  0  0  0 

where  represents  the  acceleration  error  of 
the  implemented  orbit  dynamics  model. 

For  practical  purposes  the  system  noise  co- 
variance  matrix  is  computed  as  follows, 

^kQk^k  ”  ^k+lkQ(0^k+lk^^ 

The  noise  covariance  for  the  non-dynamic 
terms  of  the  state  vector  is  derived  from  their 
propagation  models,  and  thus, 

r  2Ai 


QiAT,)  =  KlAt  +  Q{E^^J^ 

Q{at„e^^J  =  q{e^,„J^ 

2At  ' 

[^IvA.AW 

Q{7)  =  {K,fAt[Il,,, 
with  the  same  notation  as  before. 

Finally,  the  system  error  covariance  matrix 
is  predicted  as  follows, 

[p]=[<i>][p-][«»]%[e] 
where  [O]  is  the  transition  matrix,  computed 
as  mentioned  previously,  is  the  system 

error  covariance  matrix  of  the  previous  step 
and  [Q]  is  the  system  noise  covariance  ma¬ 
trix,  computed  as  per  above. 


•  Processing  of  measurements:  the  raw  measure¬ 
ments  provided  by  the  receiver  are  processed  as 
follows 

-  the  observables  selected  for  the  orbit  deter¬ 
mination  (namely,  pseudo-range  and  inte¬ 
grated  Doppler)  are  predicted  on-board  by 
using  non-linear  formulation  (an  extended 
Kalman  filter  is  used).  The  following  models 
are  used  for  pseudorange  and  integrated 
Doppler  measurements: 

.  -  -  I  1  ^  ^ 

PR{ /)  =  ^SAIEQ  ( 0  “  ^SAIEQ  **” 

.s  f'^fz  ^  I  Z  ^  a. 

( 0  =  — ^SAIEQ  ( 0  “  ^SAIEQ ^SA/EQ  ciSTg  +  +  /,• 

eye  y 

with  the  same  notation  as  above  and 
^5a/£g(0  being  the  position  vector  of  the  an¬ 
tenna  of  the  GPS  satellite  tracked  by  the 


channel  w.r.t.  the  predicted  position  of  the 
spacecraft  antenna,  in  Inertial  Equatorial 

Frame,  and  RsAisaiO  the  velocity  of  the  se¬ 
lected  GPS  satellite  in  the  same  frame. 

-  the  on-board  predicted  values  of  the  observ¬ 
ables  are  used  to  compute  the  corresponding 
innovations, 

/;(/)= 

The  first  processing  of  the  innovations  is  the 
sequential  filter  rejection  test,  where  for 
each  measurement,  if 


then,  the  measurement  is  rejected.  Note  that 
above  the  term  [H(i)]  represents  the  obser¬ 
vation  matrix  for  the  measurement  provided 
at  channel  i  at  current  time,  and  [R]  is  the 
measurement  error  covariance  matrix. 

-  the  observation  matrix  to  be  used  for  the  fil¬ 
tering  process  is  computed  as  follows:  for 
the  pseudorange  measurement  corresponding 
to  the  GPS  satellite  tracked  by  the  channel 
the  line  of  the  observation  matrix  is: 

0  0  0  c  0  <5,,  ...  5^^,- 

Rsaieq(0 

whereas  for  the  integrated  Doppler  meas¬ 
urements  corresponding  to  the  GPS  satellite 
tracked  by  the  channel  the  line  of  the  ob¬ 
servation  matrix  is: 

[f/O0]  =  ^  0  0  0  0  0  5,;  ...  5,,,. 

^  R  (i) 

-  a  constant  (receiver  dependent)  value  of  the 
pseudo-range  and  integrated  Doppler  meas¬ 
urements  noise  is  assumed. 


•  Update  of  the  state  vector  and  covariance  ma¬ 
trix:  for  each  iih  measurement  an  updating  loop 
process  is  performed  as  follows: 

-  Check  for  conditions  of  updating:  the  update 
process  is  allowed  only  if  the  corresponding 
GPS  unit  is  valid,  the  corresponding  tests 
declared  the  measurement  as  valid,  and  the 
measurement  is  inside  the  expected  range 
according  to  the  sequential  filtering  rejection 
test. 

-  Obtain  the  gain  matrix  as, 

-  State  update: 


M  =  Ai(i- 

=  3c  +  Ax 

-  System  error  covariance  matrix  update: 

which  is  conveniently  performed  by  using 
the  faster  upper  diagonal  algorithm. 

7.  PERFORMANCE  SIMULATIONS  OF  THE 
GPS-BASED  OD  SYSTEM 


7.1.  Nominal  performances 

Simulation  results  prove  that  under  nominal  conditions 
and  the  data  of  tables  2  and  3,  the  proposed  OD  algo¬ 
rithm  provides  an  orbit  positioning  accuracy  as  shown 
on  figure  4  (all  the  simulations  results  presented  in  this 
section  correspond  to  a  10  orbits  duration). 


Initial  user  S/C  position  error _ 

Initial  user  S/C  velocity  error _ 

On-board  acceleration  model  error 
Initial  pseudorange  bias  (b)  uncert. 
Pseudorange  bias  (b)  standard  dev. 
Pseudo-range  bias  (b  )  time  constant 
Initial  uncert.  for  Doppler  constants 
Doppler  constants  Kj 
Initial  uncertainty  in 

State  noise  in  _ 

Initial  uncertainty  in  time  bias  (ATg) 
Time  bias  Kg 

Pseudorange  measurements  noise 
Integrated  Doppler  measur.  noise 


10  Km 
10  m/s 
2x10^  m// 
80  m 
30  m/(s) 
100  sec 
100 
0.15 
10~* 

10"’' 

1  msec 
10~" 

0.5  m 
1  mm 


Table  3:  GPS-based  OD  system  summary  input  data 


OSS-  track 

track 

Figure  4:  OD  system  nominal  performances  for  MetOp 

7.2.  Sensitivity  analysis  w.r.t.  different  selective, 
availability  models 

A  set  of  simulations  have  been  performed  to  assess  the 
robustness  of  the  proposed  OD  algorithms  with  respect 
to  the  actual,  "real-world"  values  of  SA.  A  summary  of 
the  results  is  shown  in  figure  5.  The  proposed 
algorithms  exhibit  a  remarkable  robustness  with  respect 
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to  such  a  variety  of  selective  availability  models.  Even 
for  the  case  of  the  time  series  selective  availability 
models  (i.e.  Lear  Arima  2x1,  Zyla  Arima  3x2  and 
RTCA  Gauss  Markov  SA  model,  which  are  regarded  as 
too  pessimistic  since  they  provide  an  output  which  is 
too  noisy  compared  to  actual  SA  measurements),  the 
proposed  algorithms  are  still  able  to  maintain  the 
positioning  estimation  accuracy  very  close  to  the 
nominal  case. 


rms  position  estimation  errors  (m) 

SA  MODEL 

Along 

-track 

Cross 

-track 

Ra¬ 

dial 

Total 

None 

1.5 

1.2 

6.2 

6.5 

Lear  deterministic 

11.9 

14.6 

34.5 

39.3 

Lear  random 

8.8 

9.7 

21.2 

24.9 

Martmez-Molina 

12.1 

15.3 

28.4 

34.5 

Rater  Jerk  analytic 

14.4 

17.8 

30.6 

38.2 

Lear  Arima  2x1 

17.7 

20.6 

42.4 

50.4 

Zyla  Arima  3x2 

17.3 

19.3 

40.9 

48.4 

RTCA  Gauss-  Mar. 

16.8 

25.1 

46.1 

55.1 

Figure  5:  OD  RMS  errors  summary  results  for  different 
SA  models 


7.3.  Sensitivity  w.r.t.  on-board  orbit  dynamics 
models 

Previously  we  discussed  the  choice  of  the  orbit  dynam¬ 
ics  model  implemented  within  the  proposed  OD  sys¬ 
tem.  Analysis  of  the  influence  of  the  quality  of  such  a 
dynamics  model  in  the  achievable  accuracy  of  our 
system  was  performed.  Additional  simulations  were 
performed  with  exactly  the  same  conditions  except  for 
the  on-board  orbit  dynamics  model  (and  associated 
system  noise  covariance  matrix).  Three  orbit  dynamics 
models  were  analyses:  2x2,  4x4  and  8x8.  The  results 
are  shown  in  table  4.  The  nominal  error  level  achieved 
in  the  2x2  case  is  reduced  by  approximate  factors  of 
0.9  and  0.8  when  implementing  the  4x4  and  8x8+ 
models,  respectively.  Such  a  relatively  small  accuracy 
increase  is  not  worth  the  additional  computational 
loads  and  memory  demands. 


rms  position  estimation  errors  (m) 

Orbit  Dynamics 

Along 

Cross 

Ra- 

Total 

Model 

-track 

-track 

dial 

8x8+ 

12.2 

15.0 

24.8 

31.5 

4x4 

12.9 

16.5 

27.0 

34.2 

2x2 

14.4 

17.8 

30.5 

38.2 

Table  4:  OD  RMS  errors  summary  results  for  different 
orbit  dynamics  models 


7.4.  Sensitivity  w.r.t.  orbit  control  manoeuvres 

There  are  several  ways  for  the  proposed  on-board  al¬ 
gorithms  to  cope  with  the  disturbing  effect  of  orbit 
control  manoeuvres: 


•  The  on-board  software  implements  appropriate  in¬ 
terfaces  to  the  orbit  control  system  such  that  it  is 
able  to  perform  propagation  of  the  position  and 
velocity  vectors  through  the  conunanded  manoeu¬ 
vre  and  increases  the  system  noise  covariance  ma¬ 
trix  with  the  "expected"  manoeuvre  execution  er¬ 
rors.  This  concept  requires  interfacing  the  OD 
software  with  the  on-board  software  in  charge  of 
handling  the  orbit  control  thrusters. 

•  An  alternative  would  be  to  suppress  this  interface, 
and  to  increase  all  time  the  system  noise  covari¬ 
ance  matrix  such  that  it  is  able  to  cope  with  any 
manoeuvre  being  executed. 

•  The  simplest  solution  is  to  complete  ignore  the 
fact  that  manoeuvres  can  be  performed.  In  these 
conditions  the  filter  will  diverge  during  the  time 
of  manoeuvres  application  but  the  excellent  GPS 
observability  conditions  will  bring  back  the  filter 
to  convergence  shortly  after  the  manoeuvre.  For 
MetOp-1  there  is  no  specific  requirement  for  orbit 
determination  accuracy  during  manoeuvres  which 
makes  acceptable  a  small  divergence  at  that  time. 

Simulation  have  been  performed  under  the  following 
conditions: 

•  The  real-world  implements  realistic  manoeuvres 
corresponding  to  our  MetOp-1  study  case. 

•  The  on-board  software  operates  in  different 
modes  corresponding  to  the  three  candidate  meth¬ 
ods  mentioned  earlier. 

1.  Nominal  case  without  manoeuvres:  the  filter 
tuning  was  optimised  without  taking  into  ac¬ 
count  the  effect  of  manoeuvres. 

2.  The  on-board  software  knows  the  time  and 
size  of  manoeuvres  being  executed  (except 
of  manoeuvre  execution  errors).  It  also  has 
the  ability  of  propagating  the  state  vector 
through  the  commanded  manoeuvres. 

3.  The  on-board  software  does  not  know  if  a 
manoeuvre  is  being  executed,  however,  the 
system  noise  covariance  is  increased  by  an 
approximate  factor  of  10  in  order  to  cope 
with  possible  manoeuvre  being  executed  at 
any  time. 

4.  Ignore  absolutely:  corresponds  exactly  to  the 
nominal  case  (same  filter  tuning  and  same 
on-board  propagation  model)  but  the  real- 
world  implements  the  manoeuvres  men¬ 
tioned  previously.  In  this  case  there  is  seri¬ 
ous  mismodelling  which  causes  divergence. 

The  results  are  shown  in  table  5  which  reveals  that 
position  vector  estimation  accuracy  is  only  affected  by 
an  approximate  factor  of  1.1  for  the  worst  case  of  in¬ 
creasing  the  system  noise  covariance  matrix  at  any 
time.  The  case  where  we  ignore  the  manoeuvres  is  par- 
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ticularly  interesting  since  the  performances  are  identi¬ 
cal  to  that  obtained  in  our  nominal  case  if  we  exclude 
from  the  statistical  analysis  that  portion  of  time  where 
the  manoeuvres  are  being  executed.  At  those  times  the 
filter  diverges  but  it  recovers  the  nominal  conditions 
after  some  50  seconds  after  manoeuvre  completion. 

Consequently,  the  estimation  algorithms  can  cope  with 
completely  unknown  orbit  control  manoeuvres  (both  in 
terms  of  manoeuvre  size  and  time)  and  still  provide 
sufficient  estimation  accuracy. 


rms  position  estimation  errors  (m) 

Orbit  Dynamics 
Model 

Along 

-track 

Cross 

-track 

Ra¬ 

dial 

Total 

Case  1 

14.4 

17.8 

30.5 

38.2 

Case  2 

14.4 

17.8 

30.6 

38.3 

Case  3 

17.3 

19.7 

34.9 

43.7 

Case  4 

17.4 

18.4 

32.8 

41.4 

Table  5:  OD  RMS  errors  summary  results  for  different 
mechanisms  of  attenuating  the  disturbing  effects  of 
orbit  control  manoeuvres 


8.  HARDWARE  REQUIREMENTS  OF  THE 
PROPOSED  GPS-BASED  ORBIT  DETERMI¬ 
NATION  ALGORITHMS 

8.1.  General 

The  previously  described  GPS -based  OD  algorithms 
imply  the  following  hardware  demands  on-board  the 
host  satellite: 

•  A  single  antenna  located  in  the  anti-Earth  face  of 
the  spacecraft  (i.e.  in  zenith  view)  with  an  antenna 
beam  width  of  160  deg. 

•  A  C/A  code  GPS  receiver  providing  pseudorange 
and  integrated  Doppler  measurements  with  an  ac¬ 
curacy  described  in  table  2  at  a  1  Hz  frequency: 

8.2.  Memory  and  computational  loads 

Assuming  the  use  of  a  high  level  language,  the  CPU 
time  consumption  per  step  (having  assumed  a  working 
frequency  of  1  Hz,  1  step  corresponds  to  1  sec  of  real 
time)  amounts  to  some  16  msec,  running  in  a  Sun- 
Spark  20  workstation. 

Object  code  size  amounts  to  some  27  Kbytes.  Inlinning 
optimiser  option  has  not  been  used  to  compute  those 
figures,  and  no  static  library  calls  forced  to  be  included 
within  the  objects.  Final  object  code  size  will  depend 
on  particular  software  design  and,  among  others,  on  the 
particular  method  selected  to  compile  and  link  the  code 
to  produce  the  on-board  executable  software.  There  is 
always  a  trade-off  between  size  and  execution  speed. 
Inlinning,  in  general,  speeds  up  code  execution,  but 
resulting  code  requires  more  space  to  be  allocated. 


Source  code  is  composed  of  some  1100  (executable) 
lines.  Memory  required  by  additional  static  data  storage 
amounts  to  some  4  Kbytes,  whereas  dynamic  memory 
requirements  (minimum  stack  size)  demands  some  15 
Kbytes  peak.  Henceforth,  total  memory  budget  is  about 
40  Kbytes. 
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ABSTRACT 

A  fully  automated  near  real-time  GPS  tracking  system 
has  been  developed  around  JPL’s  GIPSY/OASIS  11 
software.  The  system  produces  <  25  cm  (3D  rms)  GPS 
orbits  and  one-half  nanosecond  (15  cm)  clock  estimates. 
The  process  starts  automatically  when  a  favorable  global 
distribution  of  ground  data  from  the  IGS  network 
(International  GPS  Service  for  Geodynamics)  becomes 
available.  lonospherically  corrected  phase  and 
pseudorange  data  are  optimally  contbined  to  remove 
satellite  and  ground  receiver  clock  errors,  including 
selective  availability.  After  the  GPS  orbits  are  determined 
within  the  data  arc,  they  are  then  propagated  with 
empirically  determined  dynamic  force  models.  Real-time 
<  2  meter  (3D  rms)  GPS  orbits  are  always  available.  As  a 
by-product  of  this  process,  other  calibration  estimates 
such  as  station  clocks,  troposphere  estimates,  and  earth 
orientation  parameters  are  also  produced.  For  27-hour 
daily  arc  fits,  the  process  requires  6-7  hours  of  CPU  time 
on  an  HP9000/735  workstation. 

Additionally,  a  second  process  has  been  developed  that 
automatically  starts  when  data  from  the  Topex/Poseidon 
GPS  receiver  and  a  favorable  distribution  of  ground 
stations  becomes  available.  An  optimal  selection  of 
ground  stations  is  determined  and  data  from  these  sites  are 
then  used  to  solve  for  the  GPS  clocks  as  well  as  the 
Topex/Poseidon  orbit.  This  process  makes  use  of  the 
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previously  determined  predicted  GPS  orbits.  The 
Topex/Poseidon  orbits  determined  within  the  data  arc  are 
precise  to  5  cm  radial  (rms)  and  18  cm  3D  (rms).  Real¬ 
time  predicted  orbits  are  also  produced  precise  to  15 
meters  3D  (rms).  This  process  has  been  adopted  to  also 
support  the  precise  orbit  determination  of  the  GPSMet 
experiment. 

INTRODUCTION 

The  Topex/Poseidon  (T/P)  spacecraft  was  launched 
into  a  1334  km  circular  orbit  in  August  1992  and  carries  a 
high  precision  dual  frequency  GPS  receiver.  When  the 
GPS  Anti-Spoof  function  is  off,  the  GPS  receiver  uses  P- 
code  to  obtain  GPS  pseudorange  and  carrier  phase 
observables  at  LI  and  L2  frequencies,  providing 
ionosphere-free  pseudorange  and  phase  observables. 
When  the  Anti-Spoof  function  is  on,  the  GPS  flight 
receiver  tracks  only  the  LI  C/A  signal,  which  precludes 
the  computation  of  ionosphere-free  observables.  Since 
January  31,  1994  (except  for  2  three- week  periods  in 
June/July  1995  and  April/May  1995),  the  Anti-Spoof 
function  has  been  turned  on  and  T/P's  GPS  receiver  has 
been  operating  as  a  single  frequency  receiver  [1]. 

GPSMet  is  an  experiment  on  the  MicroLab  I  satellite 
which  was  launched  into  a  790  km  circular  orbit  in  April 
1995.  It  carries  a  modified  version  of  a  dual  frequency 
TurboRogue^^  GPS  receiver  [2].  When  the  Anti-Spoof 
function  is  on,  the  receiver  tracks  the  LI  C/A  signal  and 
full  wavelength  L2  in  cross-correlated  mode.  This 
provides  the  generation  of  ionosphere-free  pseudorange 
and  phase  observables. 

The  Topex/Poseidon  spacecraft  requires  near  real-time 
orbit  determination  for  1.)  the  production  of  Interim 
Geophysical  Data  Records  [3]  and  2.)  integration  with  the 
U.S.  Navy's  Altimetry  Data  Fusion  Center  (ADFC) 
located  at  the  Stennis  Space  Center.  The  ADFCs  goal  is 
to  combine  altimetry  data  from  available  sources  into 
oceanographic  products  and  to  distribute  them  to  the  U.S. 
Navy  in  a  timely  manner.  To  make  use  of  the 
Topex/Poseidon  altimeter  data,  an  estimate  of  T/P’s  radial 
orbit  component  to  less  than  1  meter  must  be  available  in 
less  than  24  hours. 

The  goal  of  the  GPSMet  experiment  is  to  make 
measurements  of  the  Earth’s  neutral  atmosphere  such  as 
refractivity  index,  temperature,  and  water  vapor  using 
radio  occultations  of  GPS  signals  with  the  onboard  GPS 
receiver  [4].  Precision  orbit  determination  is  necessary 
for  proper  calibration  and  processing  of  the  GPS  radio 
occultation  data.  Although  near  real-time  orbits  are  not 
necessary  to  perform  the  experiment,  being  able  to 
demonstrate  the  capability  of  providing  these 


measurements  of  the  Earth's  atmosphere  in  a  timely  matter 
is  important. 

To  support  the  near  real-time  orbit  determination  of 
both  these  spacecraft,  a  fully  automated  GPS  tracking 
system  has  been  developed.  The  core  of  this  data 
reduction  system  is  the  second  generation  GPS  data 
processing  software  system,  GIPSY/OASIS  II,  developed 
at  JPL  [5].  This  core  software  set  is  driven  by  a  highly 
automated  expert  data  processing  system  that  incorporates 
various  UNIX  utilities  such  as  c  shell,  awk,  sed,  and  perl. 
When  there  is  a  sufficient  global  distribution  of  ground 
data  available,  the  process  automatically  produces  a  GPS 
orbit  solution  from  a  27-hour  data  arc.  The  27-hour  data 
arc  includes  3  hours  of  the  previous  day  and  24  hours  of 
data  of  the  current  day.  In  this  way,  3  hours  of  GPS  orbits 
in  the  overlapping  data  segments  are  used  to  quickly 
assess  the  quality  of  the  GPS  orbits.  After  each  daily  GPS 
process  completes,  predicted  GPS  orbits  are  also  produced 
that  span  3  additional  days  past  the  end  of  the  data  arc.  It 
is  primarily  these  precise  predicted  GPS  orbits  that  are 
used  to  support  the  near  real-time  orbit  determination  of 
Topex/Poseidon  and  the  GPSMet  experiment. 

After  this  GPS  process  has  been  completed,  an  e-mail 
message  is  automatically  compiled  and  distributed  to 
potential  users.  The  message  reports  orbit  precision,  data 
residuals,  data  outliers,  and  potential  problems  that  may 
have  arisen  in  the  processing.  All  this  occurs  within  18 
hours  of  UTC  midnight  (which  is  the  end  of  the  data  arc) 
of  the  current  processing  day. 

Both  the  predicted  GPS  orbits  and  GPS  solutions 
within  the  data  arc,  along  with  GPS  clock  and  yaw-rate 
solutions  [6],  along  with  earth  orientation  solutions,  are 
placed  on  an  HP9000/735  workstation.  These  solutions 
are  available  via  anonymous  FTP  from 
sideshow.jpl.nasa.gov  (128.149.70.41)  under 
pub/gipsy_products/RapidService/orbits.  A  revolving 
buffer  currently  allows  availability  of  the  two  most  recent 
weeks  of  these  RapidService  orbits.  This  occurs  on  a 
daily  basis  and  has  been  in  operation  since  March  of 
1995. 

Besides  supporting  orbit  determination  of 
Topex/Poseidon  and  the  GPSMet  experiment,  these  GPS 
orbits  and  clock  solutions  are  also  used  by  JPL's  IGS 
Flinn  Analysis  [7]  to  screen  all  data  from  the  IGS 
network.  Over  100  sites  per  day  are  precisely  point 
positioned  with  these  GPS  orbits  and  clock  solutions.  The 
technique  of  precise  point  positioning  refers  to  processing 
ground  data  with  fixed  GPS  orbits  and  fixed  GPS  clocks. 
Only  the  station's  clock,  troposphere,  station  location,  and 
phase  biases  ai*e  estimated.  Large  postfit  residuals  of  the 
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phase  data  are  a  direct  indication  that  data  from  a 
particular  station  may  not  be  valid. 

The  paper  will  cover  briefly  the  automated  data 
acquisition  of  the  IGS  data,  the  determination  of  a  global 
distribution  of  ground  sites,  problem  detection  and 
correction  within  the  automated  GPS  processing,  and  the 
results  of  this  processing.  The  results  will  indicate  orbit 
precision,  both  within  the  data  arc  and  of  the  predicted 
GPS  orbits,  clock  precision,  expected  user  position  error 
of  using  the  predicted  GPS  orbits  for  WAAS,  precision  of 
the  Earth  orientation  estiniates,  and  precise  point 
positioning  of  global  stations.  A  comparison  will  be  made 
between  the  solutions  produced  by  this  automated 
processing  and  the  solutions  produced  by  JPL's  IGS  Flinn 
Analysis  (JPL  Flinn)  [7].  The  orbits  and  clock  solutions 
produced  by  the  automated  process  will  be  referred  to  as 
the  JPL  quick-look  solutions.  The  nomenclature  ‘'quick- 
look"  refers  to  the  fact  that  these  solutions  are  available 
within  18  hours  of  UTC  midnight  of  the  solution  day, 
whereas  the  JPL  Flinn  solutions  are  generally  not 
available  until  two  weeks  after  UTC  midnight  of  the 
solution  day. 

The  paper  will  conclude  with  the  production  and 
results  of  the  near  real-time  Topex/Poseidon  orbits  and  of 
the  MicroLab  I  satellite. 

GROUND  DATA  ACQUISITION 

JPL  uploads  data  via  regular  telephone  lines,  Internet, 
and  NASCOM  (direct  NASA  communications  lines  from 
the  three  DSN  stations)  in  24-hour  file  segments^.  All 
routine  data  uploading  and  handling  operations  at  the  JPL 
have  been  automated.  The  data  transfers  start  immediately 
after  UTC  midnight,  and  under  ideal  conditions  all  the 
data  are  obtained  within  12  hours.  In  practice,  95+%  of 
the  data  are  collected  automatically  every  day,  with  the 
remaining  data  uploaded  the  next  day  by  the  automated 
upload  system. 

The  data  is  uploaded  automatically  via  telephone 
lines  or  direct  serial  connections  using  Microphone  Pro 
scripts  running  on  Macintosh  computers.  The  networked 
Macintoshes  at  JPL  use  Telebit  T2500  Trailblazer 
modems  to  dial  up  30+  stations  with  standard  telephone 
connections.  Data  from  8+  stations  are  uploaded  from  the 
receivers  with  direct  serial  connections  via  Internet.  The 
resulting  files  are  stored  on  the  Macintosh  computers  until 


^  The  choice  of  24-hour  file  segments  is  arbitary  and  so 
far  has  satisfied  the  requirements  of  JPL's  sponsors.  In 
principle,  data  acquistion  and  processing  could  be  more 
frequent. 


a  DEC  3000/500  Alpha  workstation  at  JPL  completes  a 
successful  FTP  transfer.  The  Alpha  workstation 
additionally  decompresses,  inventories,  validates,  formats, 
and  distributes  the  data.  The  process  requires  about  a 
minute  of  CPU  time  on  the  DEC  workstation  per  station 
per  day. 

GPS  ground  data  acquired  from  agencies  besides  JPL 
are  additionally  obtained  via  Internet.  All  data  for  a 
particular  day  are  combined  and  may  be  accessed  via 
anonymous  FTP  from  bodhi.jpl.nasa.gov  (128.149.70.66) 
under  pub/rinex.  Approximately  100+  stations  per  day 
are  eventually  acquired,  with  about  60+  stations  available 
within  12  hours  of  UTC  midnight. 

AN  OPTIMAL  GLOBAL  DATA  DISTRIBUTION 

To  obtain  the  GPS  orbits  and  clock  solutions  within  6- 
7  hours  of  processing  time  on  an  HP9000/735 
workstation,  18  stations  are  selected  from  the  available 
data  base  and  used  for  the  daily  processing.  An  optimal 
selection  of  18  stations  is  determined  by  computing  the 
rms  value  over  the  Earth  of  the  distance-to-nearest-site 
function  [8].  At  an  arbitrary  point  on  the  Earth  (6,<|))  the 
quantity 

rn(6,(t))=  Re  cos  [sin  0  sin  Gncos  (<j)-(l)n)  + 

cos  6  cosGn]  ^  ^ 

is  the  great-circle  distance  from  (0,(j))  to  a  ground  site  n 

located  at  (Bn^^n).  Let 

r(0,4))  =  min[ri,r2,...  tn]  (2) 

be  the  distance  from  (6,^)  to  the  nearest  of  N  ground 
sites.  Define  a  function  "zeta"  as  the  rms  value  over  the 
Earth: 


U 


d0  sin  0  r2(0,<l>)  ] 


For  uniformally  distributed  stations: 

^  V6  (4) 

To  achieve  a  zeta  of  less  than  2000  km,  22  uniformally 
geographically  distributed  sites  are  needed.  Given 
however  the  non-uniformity  of  the  IGS  network,  the 
smallest  zeta  that  can  be  achieved  with  18  stations  is  2800 
km.  In  comparison,  JPL’s  IGS  Flinn  Analysis,  which  uses 
34  stations  to  compute  GPS  orbits  and  clocks,  realizes  a 
2400  km  value  for  zeta. 

As  ground  data  are  accumulated  and  the  global 
distribution  improves,  the  value  of  zeta  for  a  particular 
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solution  day  decreases.  Table  1  shows  the  local  PDT 
(Pacific  Day-light  Savings  Time)  time  that  the  value  of 
zeta  crossed  3400  km  in  the  first  two  weeks  in  August  of 
1995. 


solution  day 

zeta  (km) 
for  18 
stations 

local  PDT  time 
zeta  crosses  3400 
km  and  auto 
processing  starts 

95aug01 

3386 

Aug  02  02:06 

95aug02 

3096 

Aug  03  04:10 

95aug03 

3022 

Aug  04  04:13 

95aug04 

3297 

Aug  05  03:11 

95aug05 

3158 

Aug  06  04:04 

95aug06 

3276 

Aug  07  03:13 

95aug07 

2983 

Aug  08  04:09 

95aug08 

3028 

Aug  09  04:11 

95aug09 

2897 

Aug  10  17:11 

95augl0 

2975 

Aug  11  04:06 

95augll 

3000 

Aug  12  04:02 

95augl2 

2962 

Aug  13  04:06 

95augl3 

2969 

Aug  14  04:11 

95augl4 

2994 

Aug  15  04:15 

Table  1)  Local  PDT  time  when  an  18  station 
distribution  crosses  the  3400  km  "zeta”  threshold. 

When  zeta  crosses  this  3400  km  threshold,  the 
automated  GPS  processing  is  initiated  with  the  18 
optimally  determined  ground  stations.  An  acceptable 
distribution  of  stations  is  generally  available  just  after 
4:00  AM  PDT.  This  is  11  hours  after  the  end  of  the 
processing  day's  UTC  midnight,  which  is  also  the  end  of 
the  processing  day’s  data  arc. 

PROBLEM  DETECTION  AND  CORRECTION  OF 
THE  GPS  PROCESSING 

Once  an  optimal  distribution  of  stations  is  determined, 
a  script  is  executed  that  computes  the  GPS  orbits  and 
clocks.  This  computation  requires  6-7  hours  of 
processing  on  an  HP9000/735  workstation  for  a  27-hour 
data  arc. 

One  of  the  first  steps  in  the  processing  is  to  perform  a 
fit  to  the  broadcast  ephemeris  solution.  This  produces 
nominal  starting  conditions  of  the  GPS  spacecraft.  The 
3D  rms  of  this  fit  is  generally  a  few  meters,  which  is  the 
level  of  the  precision  of  the  broadcast  orbits.  Should  the 
3D  rms  of  a  GPS  satellite  exceed  100  meters,  the  satellite 
is  automatically  removed  from  the  processing.  In  this 
way,  GPS  maneuvers  are  automatically  detected.  GPS 
maneuvers  were  successfully  detected  to  have  occurred  on 
95aug08  for  GPS35,  95jul22  for  GPS18,  95jull9  for 


GPS15,  95jull2  and  95jull4  for  GPS23,  95jul01  for 
GPS21,  95jun23  for  GPSIO,  95jun22  for  GPS34,  and 
95junl7forGPS19. 

Another  step  of  this  GPS  processing  is  to  perform 
linear  fits  to  the  ground  clock  solutions  as  computed  with 
pseudorange  data  and  the  broadcast  orbits  and  clocks. 
This  serves  four  purposes.  First,  the  prefit  (pre-filter) 
residuals  are  reduced  to  at  most  a  few  hundred  meters.  A 
simple  prefit  residual  test  in  the  filter  is  then  used  to 
remove  gross  data  outliers.  Second,  clock  jumps  are 
detected  and  recorded.  In  the  filtering  process,  all  clocks 
are  estimated  as  white  noise  processes  relaive  to  a 
referecne  clock.  It  is  therefore  undesirable  to  use  a 
reference  clock  that  has  had  a  clock  jump  within  the  data 
arc.  Third,  this  process  aligns  all  the  ground  clocks  to 
GPS  time.  This  is  particularly  important  since  one  of 
these  clocks  will  serve  as  the  reference  clock.  A  linear  fit 
to  a  hydrogen  maser  standard  smooths  the  GPS  SA  effect 
to  the  1/2  nanosecond  level.  And  fourth,  the  detection  of 
clock  jumps  can  also  aid  in  the  removal  of  pseudorange 
outliers. 

Even  if  a  station  appears  to  have  a  good  clock  based  on 
pseudorange  data,  the  phase  data  may  not  be  acceptable. 
To  determine  this,  after  the  first  pass  through  the  filter  and 
smoother,  the  postfit  residuals  of  the  phase  data  are 
examined  to  determine  if  there  are  additional  cycle-slips. 
If  there  are,  phase  breaks  are  inserted  in  the  data  file  and 
the  data  is  reprocessed  through  the  filter/smoother.  If 
excessive  phase  breaks  need  to  be  inserted,  the  entire  pass 
is  removed  from  the  data  file  before  reprocessing. 

To  remove  outliers  from  the  solution,  a  simple 
windowing  method  is  used.  If  postfit  (post-smoother) 
pseudorange  residuals  exceed  3  meters  or  postfit  phase 
residuals  exceed  5  cm,  the  outling  data  points  are  removed 
with  a  decentralized  SRIF  downdating  process  [9].  When 
all  the  residuals  are  less  than  their  specified  window,  the 
GPS  orbits  are  then  mapped  within  the  data  arc,  and  the 
smoothed  GPS  clocks  are  tabulated. 

RESULTS  OF  THE  GPS  PROCESSING 

GPS  Orbit  Precision  Within  the  Data  Arc 

Orbit  overlaps  provide  a  preliminary  assessment  of  the 
orbit  precision.  Figure  1  compares  the  3-hour  orbit 
overlaps  between  the  JPL  Flinn  GPS  orbits  and  the  JPL 
quick-look  GPS  orbits.  The  average  3D  rms  overlap  for 
the  Flinn  orbits  is  18  cm;  the  average  3D  rms  overlap  for 
the  quick-look  GPS  orbits  is  34  cm.  Assuming  that  the 
daily  orbits  are  relatively  uncorrelated,  dividing  by  V2 
yields  an  approximate  3D  orbit  precision  of  13  cm  for  JPL 
Flinn  orbits  and  24  cm  for  JPL  quick-look  orbits.  This  is 
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a  pessimistic  estimate  of  the  precision  since  only  the  tails 
of  the  orbits  are  being  used  in  this  statistic.  The  overall 
precision  of  the  orbits  should  be  better  than  this,  and 
especially  so  in  the  middle  of  the  data  arc. 

Figure  2  shows  the  3D  orbit  difference  between  the 
JPL  Flinn  GPS  orbits  and  the  JPL  quick-look  GPS  orbits. 
The  average  3D  rms  orbit  difference  is  21  cm.  Assuming 
that  the  Flinn  orbits  are  truth,  the  3D  precision  and 
accuracy  of  the  quick-look  orbits  are  then  21  cm.  This  is 
in  close  agreement  with  the  24  cm  3D  precision  obtained 
from  the  orbit  overlaps. 


days  past  95Jun13  (  spans  period  95JunM  to  95aug10  ) 


After  42  hours,  the  3D  precision  of  the  GPS  orbits  is  2 
meters  (rms).  At  the  42  hour  mark,  new  GPS  orbits  from 
the  next  day’s  processing  are  now  available.  (In  Figure  3, 
the  end  of  the  next  day’s  data  arc  occurs  at  24  hours,  the 
data  are  accumulated  11  hours  after  that,  and  the  auto 
processing  requires  6-7  hours  to  produce  the  next  day's 
solution.)  Therfore,  better  than  2  meter  3D  GPS  orbits  are 
available  in  real-time. 


0  10  20  30  40  50  60 

days  past  95Jun13  (  spans  period  95jun14  to  95aug10  ) 

Figure  2)  Orbit  difference  between  JPL  Flinn  orbits 
and  JPL  quick-look  orbits.  The  orbit  difference  shows 
the  quick-look  orbits  have  a  3D  accuracy  of  21  cm. 


Figure  1)  Orbit  overlap  comparison  between  JPL 
Flinn  orbits  and  JPL  quick-look  orbits.  Overlaps 
indicate  a  3D  precision  of  13  cm  for  the  Flinn  orbits 
and  24  cm  for  the  quick-look  orbits. 

Orbit  Precision  of  Predicted  GPS  Orbits 

After  each  GPS  process  completes,  predicted  GPS 
orbits  are  produced  by  combining  the  orbits  of  the  current 
day  with  orbits  from  three  previous  days.  Smoothing  is 
used  to  remove  discontinuities  in  the  overlapping  orbit 
segments.  The  combined  4-day  solution  is  then  fitted  to 
empirically  determined  force  models  which  include  a 
solar-scale  factor,  a  y-bias  parameter,  a  constant  down- 
track  acceleration,  and  once-per-rev  cross  and  down-track 
accelerations.  Estimating  twice-per-rev  accelerations  or 
going  to  longer  or  shorter  than  4-day  fits,  degrades  the 
precision  of  the  predicted  GPS  orbits. 


0  12  24  36  48  60  72 

hours  past  end  of  data  arc 


Figure  3)  Precision  of  JPL  quick-look  predicted  orbits. 
At  42  hour  mark,  next  day's  GPS  orbits  are  available. 


This  solution  is  then  integrated  3  days  past  the  end  of 
the  data  arc  of  the  current  day.  Figure  3  shows  the  results 
of  averaging  10  days  (95jul27-95aug05)  of  GPS  orbit 
differences  between  the  predicted  GPS  orbits  and  the  GPS 
orbits  estimated  within  the  data  arc.  After  24  hours,  the 
3D  precision  of  the  predicted  GPS  orbits  is  1  meter  (rms). 


GPS  Clock  Precision 

GPS  clock  precision  can  also  be  assessed  by  compiling 
the  differences  in  the  overlappling  clock  solutions  of  the 
daily  fits.  Table  2  shows  the  GPS  clock  overlap 
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differences  for  the  JPL  Flinn  and  JPL  quick-look 
solutions.  Averaging  these  numbers  and  assuming  the 
overlapping  clock  solutions  are  uncorrelated,  the  JPL 
Flinn  GPS  clock  precision  is  0.27  nsec  and  the  JPL  quick- 
look  GPS  clock  precision  is  0.57  nsec. 


overlap  period 

rms  of 
quick'look 
clock  overlaps 
(nsec) 

rms  of  Flinn 
clock  overlaps 
(nsec) 

95jul23-95jul24 

0.952 

0.285 

95jul24-95jul25 

0.713 

0.354 

95jul25-95jul26 

0.783 

0.318 

95jul26-95jul27 

0.675 

0.356 

95jul27-95jul28 

0.912 

0.581 

95jul28-95jul29 

0.703 

0.436 

95jul29-95jul30 

0.897 

0.367 

Table  2)  rms  differences  of  overlapping  clock 
solutions.  Overlaps  indicate  0.27  nsec  precision  of  the 
JPL  Flinn  GPS  clocks  and  0.57  nsec  precision  of  the 
JPL  quick-look  GPS  clocks. 

Table  3  shows  the  clock  differences  between  the  JPL 
Flinn  clock  solutions  and  the  JPL  quick-look  clock 
solutions.  There  are  two  days  in  this  table  with  unusually 
high  clock  differences.  On  95julll,  the  reference  clock 
selected  by  the  quick-look  processing  was  the  receiver  in 
Arequipa,  Peru.  This  receiver's  clock  is  not  linked  to  a 
hydrogen  maser.  Since  the  Flinn  reference  clock  is 
always  linked  to  a  hydrogen  maser,  the  unusual  large 
clock  differences  on  95julll  reflects  the  instability  of 
Arequipa's  clock.  On  95jull6,  the  quick-look  process 
selected  the  receiver  at  Algonquin,  Canada  as  a  reference 
clock.  Within  the  27  hour  data  arc,  the  Algonquin 
receiver  had  a  data  outage  of  80  minutes.  This  caused  all 
the  clocks  in  the  system  to  float  with  a  common  error,  and 
hence  caused  the  large  clock  difference  with  the  JPL  Flinn 
solutions.  Since  this  occurrence,  additional  measures 
have  been  built  into  the  automated  procedure  to  detect 
data  outages  at  receivers  and  disallow  their  selection  as  a 
reference  clock. 


solution  day 

rms  difference  of 

clock  solutions  (nsec) 

95iul02 

0.52 

95iul03 

0.37 

95iul04 

0.48 

95iul05 

0.41 

95iul06 

0.41 

95iul07 

0.30 

95iul08 

0.43 

95iul09 

0.50 

95iull0 

0.52 

95iulll 

114.25 

95jull2 

0.42 

95jull3 

0.52 

95jull4 

0.53 

95iull5 

0.61 

95jull6 

249.28 

95iull7 

0.50 

Table  3)  rms  clock  differences  between  JPL  quick- 
look  and  JPL  Flinn  clock  solutions.  The  clock 
differences  show  tht  the  quick-look  clock  solutions 
have  an  accuracy  of  0.46  nsec. 

Assuming  that  the  JPL  Flinn  GPS  clocks  are  truth,  and 
excluding  the  days  95julll  and  95jull6,  the  quick-look 
GPS  clock  precision  and  accuracy  is  0.46  nsec.  This  is  in 
close  agreement  with  the  0.57  nsec  precision  as  obtained 
from  clock  overlaps. 

Precise  Point  Positioning 

Precise  point  positioning  uses  the  pre-determined  GPS 
orbits  and  clocks  to  compute  estimates  of  a  receiver's 
clock,  troposphere,  station  location,  and  phase  biases. 
The  processing  time  to  point  position  a  single  station  day 
on  an  HP9000/735  workstation  is  2-3  minutes.  Once  the 
GPS  orbits  and  clocks  have  been  determined,  this  method 
can  quickly  and  accurately  compute  the  100+  station 
locations  of  the  IGS  network. 

Table  4  lists  the  3D  rms  station  coordinate 
repeatabilities  of  17  globally  distributed  stations  over  the 
5  week  period  95jul02  to  95aug05.  Most  of  the  3D  rms 
repeatability  can  be  attributed  to  the  vertical  precision  of 
the  station  coordinates,  while  the  horizontal  precision  is  in 
general  a  few  millimeters.  The  average  3D  rms  station 
coordinate  repeatability  when  using  the  JPL  Flinn  solution 
is  16  mm;  the  average  repeatability  using  the  JPL  quick- 
look  solutions  is  21  mm. 


Station 

Flinn 

solutions 

(mm) 

quick-look 
solutions 
(mm) _ 

Algonquin,  Canada 

12.7 

14.1 

Tidbinbilla,  Australia 

8.9 

17.9 

Fairbanks,  US. 

14.6 

12.7 

Kokee  Park,  US 

9.7 

8.5 

Kootwijk,  Netherlands 

7.5 

11.1 

Madrid,  Spain 

9.5 

9.8 

Santiago,  Chile 

31.7 

43.6 

Tromso,  Norway 

8.7 

11.6 

Arequipa,  Peru 

20.7 

40.7 

Bermuda,  UK 

16.1 

18 

Kerguelen,  France 

17.2 

25.1 
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Kitab,  Uzbekistan 

16.2 

28.3 

Maspalomas,  Canary  Is. 

10.6 

13.2 

NyAlsund,  Norway 

11.8 

15.8 

Richmond,  US 

30.9 

41.9 

Shanghai,  China 

17.4 

27.5 

Usuda,  Japan 

27.2 

24.9 

Table  4)  3D  station  coordinate  repeatabOities. 
Average  3D  repeatability  is  16  mm  (rms)  with  JPL 
Flinn  and  21  mm  (rms)  with  JPL  quick-look  solutions. 


computed  with  the  WAAS  network"  are  filtered  orbits 
which  use  pseudorange  data  from  the  WAAS  network. 
The  3D  precision  of  these  orbits  over  the  WAAS  network 
is  2.5  meters  (rms).  The  resulting  3D  user  position  error 
is  0.9  meters  (rms).  The  quick-look  and  predicted  orbits 
are  those  generated  by  the  described  quick-look  GPS 
processing.  The  2-day  predicted  orbits  are  essentially 
real-time  GPS  orbits.  The  corresponding  3D  user  position 
error  is  0.64  meters  (rms). 

Estimates  of  Earth  Orientation 


User  Position  Error  For  a  WAAS  Network 

The  Wide-Area  Augmentation  System  (WAAS)  being 
developed  by  the  FAA  to  aid  in  aircraft  navigation  is 
proposed  to  combine  pseudorange  data  from  20-30 
stations  in  the  WAAS  network  and  provide  a  combined 
GPS  ephemeris  and  clock  correction  to  the  users  of  the 
system.  Unlike  the  clock  correction  which  must  be 
computed  in  real-time,  the  ephemeris  correction  is 
predictable.  Table  5  lists  the  user  position  errors 
computed  in  a  WAAS  network  as  a  function  of  the  type  of 
GPS  ephemeris  employed.  The  method  to  obtain  these 
user  position  errors  is  to  simulate  users  throughout  the 
WAAS  network  with  precise  GPS  orbits  and  GPS  clocks. 
This  incorporates  the  error  due  to  the  real  GPS  clocks. 
The  user’s  position  and  clock  at  every  data  epoch  is  then 
estimated  using  the  WAAS  GPS  ephemeris  (the  "slow" 
correction),  and  estimated  GPS  clocks  (the  "fast" 
correction)  as  determined  by  a  WAAS  network  [10].  For 
this  table,  the  estimated  GPS  clocks  were  computed  with 
pseudorange  data  from  13  stations  in  the  WAAS  network. 


type  of  orbit 

vertical  rms 
(meters) 

3D  rms 
(meters) 

broadcast 
ephemeris  orbit 

1.79 

2.29 

dynamic  orbit 
computed  with 
WAAS  network 

0.76 

0.90 

quick-look  orbit 

0.43 

0.49 

1-day  predicted 

0.49 

0.55 

2-day  predicted 

0.58 

0.64 

3-day  predicted 

0.60 

0.68 

Table  5)  User  position  error  as  a  function  of  orbit. 
The  **2-day  predicted"  orbits  are  real-time  GPS  orbits. 

Although  the  broadcast  ephemeris  orbits  are  accurate 
to  8  meters  (3D  rms),  the  resulting  3D  user  position  error 
after  estimating  the  GPS  clocks  is  2.3  meters  (rms).  This 
is  a  result  of  the  clock  correction  absorbing  much  of  the 
orbit  error.  The  column  labeled  "dynamic  orbits 


An  important  by-product  of  this  GPS  process  is  to 
provide  timely  estimates  of  Earth  orientation  parameters, 
pole  motion  and  UTIR-UTC.  The  two  components  of 
polar  motion  can  be  directly  observed  by  GPS.  However 
only  a  time  rate  of  change  of  UTIR-UTC  can  be  observed 
since  the  GPS  constellation  is  insensitive  to  absolute 
UTIR-UTC.  By  integrating  this  time  rate  of  change, 
UTIR-UTC  can  be  recovered  except  for  an  initial  bias. 
The  initial  bias  must  be  provided  by  an  external  source 
such  as  VLBI  measurements.  The  error  introduced  into 
the  estimate  of  UTIR-UTC  computed  in  this  fashion  is 
expected  to  resemble  a  random- walk.  Therefore  it  is  not 
so  much  the  scatter  in  the  estimate  of  derivative  of  UTIR- 
UTC,  but  the  mean  of  this  estimate  that  will  determine 
how  far  UTIR-UTC  will  wander  from  the  truth. 


Figure  4)  Difference  of  the  JPL  quick-look  polar 
motion  series  and  the  lERS  Bulletin  B  Final  series. 


Figure  4  shows  the  difference  between  the  lERS 
Bulletin  B  Final^  series  [11]  and  the  JPL  quick-look  polar 


^  lERS  Bulletin  B  combines  estimates  of  the  Earth’s 
orientation  from  Very  Large  Baseline  Interferometry 
(VLBI),  Lunar  and  Satellite  Laser  Ranging  (LLR, 
SLR),  and  GPS.  It  is  available  1  month  after  real-time. 
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motion  solutions,  1  mas  (milli-arcsecond  )  is  equivalent 
to  3.1  cm  at  the  Earth’s  surface.  The  statistics  of  these 
differences  are  compiled  in  Table  6.  The  mean  in  the 
statistics  represents  a  known  misalignment  of  the  station 
coordinates,  hence  the  sigma  is  a  more  representative 
number  of  the  precision. 


component 

mean 

(mas) 

sigma 

(mas) 

rms 

(mas) 

X  pole  motion 

0.34 

0.33 

0.48 

y  pole  motion 

-0.10 

0.34 

0.35 

Table  6)  Difference  of  the  JPL  quick-look  polar 
motion  series  and  the  lERS  Bulletin  B  Final  series. 
The  quick-look  solutions  yield  an  equivalent  1-cm 
precision  of  the  Earth’s  pole  position. 

The  time  derivative  of  UTIR-UTC  is  more  commonly 
expressed  as  a  length-of-day  (LODR): 

LODRs  -86400  ^  ( UTIR-UTC )  (5) 

Figure  5  shows  the  LODR  for  the  JPL  quick-look 
solutions  and  the  EERS  Bulletin  B  Final  series.  The  rms 
difference  between  these  series  is  0,042  msecs  (milli¬ 
seconds);  the  mean  is  0.0002  msecs.  The  rms  difference 
between  the  JPL  quick-look  series  and  JPL's  Kalman 
Earth  Orientation  Filter  (KEOF)  which  makes  use  of 
VLBI  measurements  over  the  period  95junl4  to  95aug28 
is  0.034  msecs;  the  mean  is  0.001  msecs. 


Figure  5)  Length-of-day  of  the  JPL  quick-look 
solutions  and  of  the  lERS  Bulletin  B  Final  series. 


Figure  6  shows  the  difference  between  the  integrated 
LODR  quick-look  series  and  the  lERS  Bulletin  B  Final 
UTIR-UTC  series.  An  initial  bias  was  first  removed  from 
the  integrated  LODR  series  so  that  the  difference  of  these 
series  would  start  at  zero.  The  rms  difference  is  0.18 
msecs  over  the  2  month  period.  This  amount  of  rotation 


corresponds  to  8.3  cm  on  the  Earth’s  equator.  The 
random-walk  nature  of  the  integrated  error  is  clearly 
evident. 


Figure  6)  Difference  of  JPL  quick-look  integrated 
LODR  solution  and  lERS  Bulletin  B  Final  series  for 
UTIR-UTC. 


TOPEX  PROCESSING  RESULTS 

The  method  to  compute  the  Topex/Poseidon  orbit  is  to 
make  use  of  the  predicted  GPS  orbits  and  solve  for  the 
GPS  clocks.  It  is  sufficient  to  use  a  network  of  12  stations 
for  this  purpose.  Table  7  shows  the  local  PDT  time  that 
the  value  of  zeta,  as  computed  for  an  optimal  distribution 
of  12  ground  stations,  crosses  4000  km  for  the  first  two 
weeks  of  August  1995. 


solution  day 

zeta  (km) 
for  12 
stations 

local  PDT  time 
zeta  crosses  4000 
kms 

95aug01 

3807 

Aug  01  22:13 

95aug02 

3827 

Aug  02  22:03 

95aug03 

3956 

Aug  03  22:07 

95aug04 

3873 

Aug  05  02:11 

95aug05 

3899 

Aug  06  02:06 

95aug06 

3901 

Aug  07  02:13 

95aug07 

3930 

Aug  07  22:05 

95aug08 

3877 

Aug  08  22:04 

95aug09 

,3995 

Aug  10  09:01 

95augl0 

3827 

Aug  10  22:14 

95augll 

3865 

Aug  11  21:10 

95augl2 

3762 

Aug  13  02:03 

95augl3 

3807 

Aug  13  22:03 

95augl4 

3792 

Aug  15  01:11 

Table  7)  Local  time  when  a  12  station  distribution 
crosses  the  4000  km  ”zeta”  threshold. 


190 


When  zeta  crosses  4000  km,  a  secondary  process  is 
automatically  initiated  with  the  12  optimally  determined 
ground  stations.  An  acceptable  distribution  of  stations  is 
generally  available  just  after  2:00  AM  PDT.  This  is  9 
hours  after  the  end  of  the  processing  day's  UTC  midnight. 
The  process  to  determine  the  GPS  clocks  and  T/P  orbit 
requires  2-3  hours  on  an  HP9000/735  workstation.  By  5 
AM  PDT,  12  hours  after  the  end  of  the  data  arc,  T/P  orbits 
are  available.  If  the  radial  component  of  the  orbit  overlap 
with  the  previous  day  is  less  than  20  cm,  the  orbit  solution 
is  FTFed  to  the  sponsor's  computer.  An  e-mail  message 
is  compiled  reporting  the  orbit  overlaps,  residual 
information,  and  problems  that  may  have  occurred  during 
the  processing. 

Figure  7  shows  the  radial  and  down-track  components 
of  the  orbit  overlaps  for  the  period  95jul26  to  95sep02. 
The  average  radial,  cross-track,  and  down-track  overlaps 
for  this  period  are  7.8  cm,  8.8  cm,  and  22.1  cm, 
respectively.  If  the  errors  in  the  overlaps  are  independent, 
then  this  would  imply  a  radial  orbit  precision  of  5.5  cm 
(rms)  and  a  3D  orbit  precision  of  18  cm  (rms). 


0  5  10  15  20  25  30  35  40 


days  past  95Jul25  (  spans  period  95Jul26  to  95sep02  ) 

Figure  7)  Radial  and  down-track  components  of 
Topex/Poseidon  orbit  overlaps. 

An  additional  method  for  assessing  the  radial  orbit 
accuracy  relies  on  altimeter  data  collected  by  the 
spacecraft.  T/P  carries  a  nadir-pointing  radar  altimeter 
that  can  measure  the  range  to  the  sea  surface.  These  range 
measurements  can  be  used  together  with  the  radial 
ephemeris  to  determine  the  geocentric  height  of  the  sea 
surface.  At  the  points  in  the  ocean  where  the  satellite 
ground  tracks  intersect  on  ascending  and  descending 
passes,  two  such  determinations  of  sea  height  can  be 
made.  In  the  absence  of  errors  in  the  orbit  and  in  the 
media  corrections  to  the  altimeter  range,  the  height 


difference  at  the  crossing  point  location  is  a  measure  of 
the  true  variability  of  the  ocean  surface.  The  difference  of 
the  crossover  variances  with  the  NASA  Precise  Orbit 
Ephemeris,  which  has  a  radial  precision  of  <  3.5  cm 
(rms),  indicates  that  the  radial  precision  of  the  GPS 
determined  T/P  orbits  produced  by  the  described 
processing  is  5.0  cm  (rms).  This  is  in  close  agreement 
with  the  5.5  radial  precision  obtain  by  computing  the  orbit 
overlaps.  Note  that  when  AS  is  off,  the  T/P  receiver 
operates  as  a  dual-frequency  receiver  and  2.0  cm  (radial) 
T/P  orbits  are  possible  [12]. 

Figures  8  and  9  show  a  10-day  average  (95jul27- 
95aug05)  of  the  predicted  radial  and  3D  orbit  precision 
after  48  hours  of  integration.  At  the  36  hour  mark,  a  new 
T/P  orbit  solution  is  available  from  the  next  day's 
processing.  Hence  real-time  T/P  orbits  with  a  radial 
precision  of  50  cm  (rms)  and  a  3D  precision  of  15  meters 
(rms)  are  available  in  real-time. 


hours  past  end  of  data  arc 

Figure  8)  Radial  difference  of  T/P*s  predicted  orbit 
and  the  estimated  orbit  within  the  data  arc. 

GPSMET  PROCESSING  RESULTS 

The  same  technique  of  using  fixed  orbits  and  solving 
for  GPS  clocks  has  also  been  applied  to  the  GPSMet  data 
to  determine  the  precise  orbit  ephemeris  of  the  MicroLab 
II  satellite.  Precision  orbit  determination  is  necessary  for 
proper  calibration  and  processing  of  the  GPS  radio 
occultation  data.  It  is  the  accuracy  of  the  velocity  that  is 
most  critical  to  the  experiment.  Since  the  occultation 
experiment  is  looking  at  GPS  signals  at  low  elevation 
angles  relative  to  the  spacecraft  zenith,  the  GPS  antenna  is 
pointed  perpendicular  to  the  spacecraft  zenith.  This  is  not 
an  ideal  orientation  for  orbit  determination.  Although 
Anti-Spoofing  (AS)  does  not  effect  orbit  determination,  it 
does  have  a  significant  effect  on  the  occultation 
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experiment.  Data  processing  has  thus  concentrated  on  the 
2  three- week  periods  in  1995  when  AS  was  off.  Here  we 
examine  a  one  week  period  from  June  23,  1995  through 
June  30,  1995.  Currently,  orbit  determination  is  not  the 
limiting  error  source  for  the  occultation  experiment  and 
little  effort  has  gone  into  tuning  the  dynamic  or  reduced- 
dynamic  orbits.  We  believe  there  is  substantial  room  for 
improving  the  orbits  which  are  currently  at  the  decimeter 
level. 


Figure  9)  3D  difference  of  T/P*s  predicted  orbit  and 
the  estimated  orbit  within  the  data  arc. 


Reduced-dynamic  phase  and  range  residuals  are  2.4 
cm  and  76  cm  respectively;  the  dynamic  phase  and  range 
residuals  are  3.4  cm  and  79  cm.  There  is  not  continuous 
tracking  data  from  the  GPSMet  flight  receiver.  These 
data  gaps  are  not  due  to  the  receiver  operation  but  other 
spacecraft  and  ground  systems.  Table  8  shows  a  list  of 
data  gaps  larger  than  a  one-half  hour  duration  for  the 
period  of  June  23-30.  Note  the  large  gaps  in  data  around 
midnight  June  25/June  26,  around  midnight  June  27/June 
28,  and  on  June  24. 


start  of  gap 

end  of  gap 

hours 

95iun23  16:26 

95iun23  18:04 

1.6 

95iun24  06:52 

95jun24  23:54 

17 

95jun25  06:07 

95iun25  10:17 

4.2 

95jun25  16:36 

95iun26  00:32 

7.9 

95jun26  07:03 

95jun26  09:21 

2.3 

95jun26  15:15 

95jun26  15:45 

0.5 

95iun26  15:52 

95jun26  17:38 

1.8 

95jun27  15:06 

95iun28  01:45 

11 

95jun28  14:21 

95iun28  16:01 

1.7 

95iun29  15:17 

95iun29  15:53 

0.6 

95iun30  05:47 

95jun30  09:43 

3.9 

95jun30  14:32 

95jun30  16:22 

1.8 

Table  9  shows  the  rms  overlaps  for  this  time  span. 
The  large  data  gaps  on  June  24  and  between  June  25/26 
are  responsible  for  the  large  orbit  overlaps  for  these  days. 
Excluding  these  excessive  overlaps,  the  average  reduced- 
dynamic  overlaps  are  6.8  cm,  4.8  cm,  and  11  cm  in  the 
radial,  cross,  and  down-track  components,  respectively 


overlap  period 

H  (cm) 

C  (cm) 

L(cm) 

95iun23/95iun24 

10.4 

04.9 

19.6 

95iun24/95jun25 

39.7 

16.3 

226.7 

95iun25/95jun26 

67.9 

43.5 

1080.3 

95jun26/95iun27 

6.1 

1.5 

9.0 

95iun28/95jun29 

4.5 

4.8 

9.7 

95jun29/95jun30 

6.3 

7.9 

8.3 

Table  9)  Reduced-dynamic  overlaps  for  MicroLab 
I,  June  23, 1995-June  30, 1995. 

CONCLUSION 

A  highly  automated  GPS  data  processing  system  has 
been  developed  around  JPL's  GIPSY/OASIS  II  software. 
The  process  determines  when  there  is  a  sufficient 
distribution  of  ground  stations  from  the  IGS  network. 
When  such  a  configuration  is  achieved,  a  GPS  orbit 
solution  is  computed.  At  completion,  the  GPS  orbit  and 
GPS  clock  solutions  are  placed  in  a  data  base  and  an  e- 
mail  message  is  sent  out  reporting  residuals  and  orbit 
overlaps  with  the  previous  day's  solution.  The  3D 
precision  of  these  GPS  orbits  within  the  data  arc  is  <  25 
cm  (rms).  In  addition,  the  GPS  orbits  are  predicted  such 
that  the  3D  precision  of  these  real-time  orbits  is  <  2 
meters  (rms). 

A  second  automated  process  makes  use  of  the 
predicted  GPS  orbits  for  orbit  determination  of  the  Earth 
orbiter  Topex/Poseidon.  When  a  sufficient  distribution  of 
ground  stations  is  available,  a  T/P  orbit  solution  is 
computed.  At  completion,  the  orbit  solution  is  placed  on 
the  sponsor's  computer  and  an  e-mail  message  reports 
T/P's  orbit  overlaps,  residuals,  and  data  outliers.  The  3D 
precision  of  these  T/P  orbits  within  the  data  arc  is  18  cm 
(rms).  These  orbits  are  generally  available  within  12 
hours  after  the  end  of  the  data  arc. 

Both  these  processes  are  completely  automated  and 
require  no  human  intervention.  Problems  are 
automatically  detected  and  corrected  by  the  expert  system. 


Table  8)  Data  gaps  in  the  GPSMet  data,  June  23, 
1995-June  30, 1995. 
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ABSTRACT 

In  this  paper.  Uniform  Geometrical  Theory  of  Diffraction 
(GTD)  is  applied  to  model  and  verify  the  differential 
carrier  phase  errors  due  to  multipath  for  a  series  of  GPS 
multipath  ground  tests.  The  computer  simulation 
technique  for  predicting  GPS  signal  strength  and  phase 
shift  is  presented.  A  comparison  with  experimental 
measurements  was  made  for  two  typical  International 
Space  Station  interference  structures:  a  plate  and  a 
cylinder. 

Differential  carrier  phase  error  results  obtained  with  the 
GTD  model  are  compared  with  field  test  data.  Good 
agreement  was  noted  as  well  as  some  discrepancies 
observed,  probably  due  to  the  antenna  phase  center 
deviation  in  the  low  elevations  and  background  noise 
present  in  the  field  test  data.  Selected  measured  and 
predicted  differential  carrier  phase  error  results  are 
presented  and  compared.  Obtained  results  indicate  that 
reflections  from  and  diffractions  around  the  multipath 
producers,  located  near  the  GPS  antennas,  can  produce 
phase  shifts  of  greater  than  10  mm.  The  multipath  effects 
are  evident  in  both  the  phase  shift  patterns  and  in  the  gain 
patterns. 

INTRODUCTION 

The  International  Space  Station  (ISS)  will  use  the  Global 
Positioning  System  (GPS)  to  provide  position,  velocity, 
attitude  determination,  and  time  reference.  Multipath  is  a 
significant  error  source  for  GPS  attitude  determination 
(Ref  1).  The  ISS  GPS  antennas  are  surrounded  by  many 
microwave  energy  reflecting  structures  such  as  various 
solar  panels,  thermal  radiators,  Russian  science  power 
platform  tower,  communications  antennas,  video  cameras 
and  many  attached  payloads.  To  characterize  the 
multipath  environment  for  the  ISS  GPS  subsystem,  a 
rigorous  computational  electromagnetic  method,  the 
Uniform  Geometrical  Theory  of  Diffraction  (GTD),  was 
proposed  to  calculate  the  error  on  the  gain  and  phase  of 
the  differential  carrier  phase  measurements  due  to 
multipath  for  the  ISS  GPS  subsystem.  In  the  microwave 
frequency  region,  reflection  and  diffraction  become  the 
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dominant  mechanisms  of  interaction  between 
electromagnetic  waves  and  scattering  structures.  The 
GTD  technique  has  been  used  successfully  to  predict 
microwave  propagation  characteristics  by  taking  into 
account  the  dominant  multipath  components  due  to 
reflections  and  diffractions  from  scattering  structures.  To 
evaluate  the  GTD  modeling  technique  for  the  ISS  GPS 
multipath  model  development,  a  series  of  GPS  multipath 
field  tests  that  simulated  the  ISS  GPS  multipath 
environment  were  performed  using  the  NASA/Johnson 
Space  Center  GPS  and  Antenna  Laboratory  test  facilities. 

GPS  ANTENNA 

The  antenna  is  an  important  element  for  the  GPS  receiver 
system.  The  GPS  antenna  receives  and  translates  the 
GPS  satellite  signal  into  amplitude  and  phase  information 
that  is  input  to  the  GPS  receiver.  Therefore,  GPS  system 
performance  is  dependent  on  the  antenna  design  and 
resulting  antenna  patterns. 

Two  different  antennas  types,  Trimble  microstrip  patch 
antennas,  shown  in  Figure  1,  and  Micropulse  choke-ring 
antennas  shown  in  Figure  2a,  were  used  in  this  study. 
The  patch  antenna  is  smaller  and  provides  a  wider 
beamwidth,  thus  better  hemispherical  coverage.  The  choke 
ring  antenna  consists  of  several  concentric  metallic 
circular  fins  on  a  ground  plane.  The  concept  is  similar  to 
corrugations  found  on  a  corrugated  horn  antenna.  The 
antenna  radiating  elements  are  located  at  the  center  of  the 
ground  plane.  The  purpose  of  the  choke-ring  ground 
plane  is  to  provide  multipath  rejection  in  the  low 
elevation  angles  and  thus  better  performance  for  a  GPS 
system  operated  in  a  multipath  environment.  Therefore, 
the  radiation  pattern  usually  exhibits  higher  boresight  and 
lower  broadside  gains  and  better  axial  ratio.  The  choke 
ring  antenna  is  larger  and  weighs  more  than  the  simple 
microstrip  patch  antenna. 

Since  the  GPS  antenna  is  right  hand  circular  polarized,  it 
is  convenient  to  represent  the  antenna  patterns  in  terms  of 
right  hand  circular  polarized  (RHCP)  and  left  hand 
circular  polarized  (LHCP)  field  components  rather  than 
the  commonly  used  vertical  and  horizontal  linear  field 
components.  The  definitions  of  the  GPS  antenna  patterns 
are  shown  below. 

The  electric  field  at  any  point  in  space  for  the  GPS 
antenna  patterns  is  defined  by: 

E  =  yEj.  +  IE/ 

where  the  direction  unit  vectors,  r  and  1,  for  the  RHCP 
and  LHCP  fields  are: 


i  =  i(e+y<;) 

and  the  RHCP  and  LHCP  field  components,  E,.  and  Ei 
are: 


where  Eq  and  are  the  linear  field  components  in  the 

6  and  0  directions  defined  in  conventional  spherical 
coordinates. 

In  this  study,  the  GPS  antenna  was  modeled  as  a  point 
source  with  combination  of  a  RHCP  pattern  and  a  LHCP 
pattern  that  were  obtained  from  the  antenna  patterns 
measured  in  NASA/JSC's  anechoic  chamber.  This  simple 
model  provides  valid  results  only  for  multipath  producers 
located  in  the  far-field  range  of  the  GPS  antenna.  The  far- 
field  range  R  is  determined  by: 

R  =  2D^IX 

where  D  is  the  antenna  dimension  and  X  is  the 
wavelength.  For  omni  type  low  gain  GPS  antennas,  such 
as  those  used  in  the  field  tests,  D  is  usually  between  0.5^ 
and  IX.  For  the  worst  case  assumption  D=X,  the  far-field 
range  R=2^  which  is  about  0.4  meter  for  GPS  LI 
frequency.  The  radiation  pattern  of  this  simple  equivalent 
radiation  source  antenna  model  exhibits  the  same 
polarization  sense  and  similar  characteristics  as  the 
measured  GPS  antenna  in  both  gain  and  phase  only  in  the 
far  field.  If  multipath  producers  are  located  in  the  near¬ 
field  distance  from  the  GPS  antenna,  a  more  complex 
antenna  model  is  required  to  simulate  the  currents  on  the 
antenna  to  take  into  account  the  near  field  effects. 

All  GPS  antennas  are  modeled  as  transmitting  sources  in 
this  analysis.  By  reciprocity,  the  transmitting  and  the 
receiving  patterns  of  an  antenna  are  identical. 

FIELD  TEST  DATA  COLLECTION 

The  measured  differential  carrier  phase  data  was  collected 
on  the  Building  14  antenna  range  at  NASA  -  JSC  from 
Julian  Day  (JD)  045  to  JD082  (February  14  -  March  23, 
1995)  using  two  GPS  receivers  and  two  sets  of  4 
antennas.  The  test  site  was  selected  to  be  as  far  away  as 
possible  from  unintentional  multipath  producers.  For  the 
data  collected  from  JD045  to  JD068,  both  a  Trimble 
Advanced  Navigation  System  (TANS)  Vector  and  TANS 
Quadrex  were  used  to  collect  data.  For  the  data  collected 
from  JD072  to  JD082  only  the  TANS  Quadrex  was  used. 
For  the  test  days  when  both  receivers  were  used,  the 
signal  from  the  antennas  was  split  and  sent  to  both 
receivers.  The  only  difference  between  the  receivers  is 
that  the  Vector  has  the  software  to  compute  an  attitude, 
whereas  the  Quadrex  outputs  the  measurements  necessary 
to  compute  attitude,  but  does  not  compute  an  attitude 
internally.  The  antennas  were  mounted  to  an  optical  table 
in  a  2  foot  square  planar  configuration.  The  optical  table 
used  during  this  test  is  flat  to  within  3  millimeters  over 
its  4  ft.  by  8  ft.  surface  and  had  been  leveled  to  within 
30  arc  seconds  using  a  bubble  level.  The  antennas  were 
mounted  directly  to  the  table  on  3.5  inch  tall  aluminum 
mounts  that  screwed  into  the  optical  table.  A  12  ft.  by 
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12  ft.  ground  plane  rested  on  the  optical  table  and  was 
flush  with  the  antennas.  The  ground  plane  was 
constructed  out  of  standard  wood  2  by  4's  with  3  sheets 
of  aluminum  sheeting  screwed  into  the  2  by  4's.  Holes 
were  cut  into  the  ground  plane  to  accommodate  the 
antennas.  Each  receiver  had  a  laptop  computer  to  record 
the  data  fi*om  that  receiver.  Figure  1  shows  the  test  setup. 

Data  was  collected  in  approximately  24  hour  periods. 
Data  was  collected  with  no  intentional  multipath 
producers  and  with  each  of  5  intentional  multipath 
producers  introduced  individually.  For  this  paper,  the 
data  from  JD059  and  JD074  are  presented.  For  JD059,  a 
4  ft.  by  12  ft.  aluminum  sheet  was  placed  on  the  South 
side  of  the  antennas  and  at  a  45°  angle.  The  Trimble 
microstrip  patch  antennas  shown  in  Figure  1  were  used 
for  data  collection  on  JD059.  For  JD074,  a  3  ft. 
diameter,  4  ft.  tall  cylinder  was  placed  vertically  on  the 
ground  plane  on  the  south  side  of  the  antennas.  The 
Micropulse  choke  ring  antennas  shown  in  Figure  2a  were 
used  in  combination  with  the  cylinder  shown  in  Figure 
2b  for  data  collection  on  JD074. 

Only  selected  data  are  presented  and  discussed  in  this 
paper.  A  complete  data  package  with  all  configurations 
investigated  in  this  study  can  be  found  in  Reference  2. 

GEOMETRICAL  THEORY  OF  DIFFRACTION 


is  a  spreading  factor 

s  is  the  distance  from  the  reflection  or  diffraction  point 
r  to  the  field  point  f 

D''’^  and  can  be  found  from  the  geometry  of  the 
structure  at  the  reflection  or  diffraction  point  r  and  the 
properties  of  the  incident  wave  at  that  point. 

The  application  of  GTD  to  a  given  radiation  problem  is 
first  to  decompose  the  scattering  structure  into  simple 
geometrical  shapes,  and  that  the  reflection  and  diffraction 
coefficients  for  these  are  known.  Next,  all  field 
components  contributing  to  the  radiation  intensity  in  the 
field  point  must  be  traced,  and  the  individual 
contributions  must  be  determined.  The  resultant  field  is 
given  by  summing  all  the  complex  contributing 
components: 

N  .  M 

^tot  ^  gmc  ^  ^ 

n-1  m=l 

where 

E^^^is  the  total  field  at  the  observation  point 

is  the  direct  incident  fields  from  the  antennas 
is  the  reflected  fields  from  the  plates  and  cylinders 
E^^^  are  the  diffracted  fields  from  plates  and  cylinders 


This  section  contains  a  very  brief  description  of  the 
Geometrical  Theory  of  Diffraction  (GTD).  It  outlines  a 
key  equation  and  concept  which  provide  the  foundations 
for  this  work.  The  GTD  is  one  of  the  most  widely  used 
Computational  Electromagnetics  (CEM)  techniques.  The 
reasons  for  this  include  the  increased  availability  of  low 
cost  but  powerful  computers,  increasing  interest  in 
electromagnetic  interactions  with  complicated  geometry, 
and  the  simplicity  of  the  method.  The  fundamentals  of 
GTD  can  be  understood  more  easily  than  other  popular 
CEM  techniques. 

The  GTD  technique  provides  a  high  frequency 
approximate  solution  to  the  electromagnetic  fields 
including  incident,  reflected,  and  diffracted  fields  and 
their  interactions.  They  are  obtained  from  an  asymptotic 
solution  of  Maxwell’s  equations  and  are  corresponding  to 
the  leading  terms  of  the  asymptotic  expansion  for  large 
values  of  wavenumber  or  frequency.  In  the  field 
computation  using  GTD,  the  incident,  reflected,  and 
diffracted  fields  are  determined  by  the  field  incident  on 
the  reflection  or  diffraction  point  multiplied  by  a  dyadic 
reflection  or  diffraction  coefficient,  a  spreading  factor,  and 
a  phase  term.  The  reflected  and  diffracted  field  at  a  field 

point  r*,  E^’^(r’),  in  general  have  the  following  form: 
where 

E^(r)  is  the  field  incident  on  the  reflection  or 
diffraction  point  r 

is  a  dyadic  reflection  or  diffraction  coefficient 


More  detailed  information  about  GTD  and  the  specific 
GTD  code  used  in  this  study  can  be  found  in  Reference  3. 

DETERMINATION  OF  DIFFERENTIAL  CARRIER 
PHASE  ERRORS  ON  FIELD  TEST  DATA 


The  differential  phase  error  is  the  measured  differential 
phase  subtracted  from  the  ideal  differential  phase  with  the 
line  bias  compensated  for.  The  measured  differential 
phase  is  the  differential  phase  measured  by  the  receiver. 
The  ideal  differential  phase  was  computed  using  the 
measured  baselines  and  Ae  reference  or  true  attitude  of  the 
table  as  shown  in  the  following: 


where: 


T 

Uj  is  the  transpose  of  the  unit  vector  from  the  receiver 
to  satellite  j 

Mr  is  the  matrix  that  transforms  from  the  body 
^true 

frame  to  WGS84  and  represents  the  reference  attitude 
R 

bi  is  the  baseline  vector  in  the  body  frame  from  the 
master  antenna  to  slave  antenna  i 


The  reference  attitude  was  calculated  using  the  following 
technique.  Since  the  antennas  were  mounted  directly  to 
the  optical  table  using  precisely  manufactured  mounts,  the 
attitude  of  the  table  was  the  same  as  the  attitude  of  the 
antennas.  Therefore,  the  roll  and  pitch  of  the  reference 
attitude  was  0±30  arc  seconds  since  the  table  had  been 
leveled  using  a  30  arc  second  accurate  bubble  level.  The 
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yaw  of  the  table  was  determined  by  sighting  the  North 
Star  using  a  theodolite  that  had  been  collimated  off  an 
optical  mirror  mounted  to  the  optical  table,  A  more 
thorough  explanation  of  the  method  used  to  determine  the 
reference  attitude  is  given  in  Reference  4. 

The  baselines  were  computed  by  the  TANS  Vector 
receiver  during  its  'self  survey'  and  were  also  computed 
mechanically.  The  baselines  computed  mechanically  were 
computed  from  the  center  of  each  antenna  using  the 
following  technique.  Since  the  optical  table  contains 
mounting  holes  1  in.  ±  0.001  in.  over  its  entire  surface, 
and  the  antennas  were  placed  on  mounts  manufactured  to 
within  a  tolerance  of  0.001  in.  so  that  the  center  of  the 
antenna  was  directly  over  the  center  of  the  mounting 
screw  that  screwed  into  the  optical  table,  the  locations  of 
the  mechanical  center  of  the  antennas  were  determined  by 
measuring  the  mounting  holes  on  the  table.  The  antennas 
were  mounted  in  a  two  foot  planar  square  array.  For  the 
results  in  this  paper,  the  mechanical  locations  of  the 
center  of  the  antennas  are  used  to  determine  the  baselines. 

The  Vector  receiver  output  its  calculations  of  the  baselines 
in  East,  North,  UP  (ENU)  coordinates.  The  mechanical 
locations  of  the  baselines  were  measured  in  body,  or 
table,  coordinates  and  transformed  to  ENU  coordinates 
using  the  reference  attitude.  The  greatest  difference 
between  the  mechanically  measured  and  'self  survey' 
baselines  was  3.72  mm. 


The  line  bias,  /?,  is  defined  as  the  mean  difference 
between  the  measured  differential  phase  and  the  ideal 
differential  phase: 

^  “  7  ^  measured  ~  ^ 

where  t  is  the  measurement  number  and  k  is  the  total 
number  of  measurements. 


The  differential  phase  error  contains  errors  due  to  noise 
and  multipath  and  was  computed  as  follows: 


A<D; 


error 


=  AO 


measured 


AO 


ideal 


■Pj 


COMPARISON  BETWEEN  GTD  CALCULATED 
DIFFERENTIAL  CARRIER  PHASE  ERRORS  AND 
MEASURED  DIFFERENTIAL  CARRIER  PHASE 
ERRORS 


The  multipath  effects  from  the  multipath  producers  were 
measured  as  differential  carrier  phase  errors  in  mm  which 
are  the  differences  between  the  differential  carrier  phases 
measured  by  the  GPS  receivers  in  the  field  and  the 
calculated  ideal  differential  carrier  phases  with  the  line 
bias  subtracted  out.  The  GTD  calculated  differential 
carrier  phase  errors  are  the  errors  calculated  using  the 
computer  simulation.  The  differential  carrier  phase  errors 
are  presented  in  millimeters  of  the  total  GPS  carrier 
wavelength  of  190.5  mm  as  a  function  of  time,  given  in 
GPS  time  of  week  in  hours. 


The  satellite  tracks  for  two  satellites  on  a  day  when  no 
intentional  multipath  producer  was  added  to  the  test  setup 
are  shown  in  Figure  3.  The  satellite  tracks  for  satellites 
selected  for  comparison  on  JD059  and  JD074  are  shown 
in  Figures  4  and  5.  Figures  4  and  5  show  the  reflection 
region,  the  diffraction  region,  and  the  blockage  regions  as 
a  function  of  the  satellite  azimuth  and  elevation. 

It  was  noted  in  the  data  that  on  the  days  when  no 
multipath  producer  was  added  to  the  test  setup,  there  was 
still  noticeable  multipath  at  the  lower  elevations,  usually 
less  than  5  mm  and  of  a  low  frequency,  as  shown  in 
Figures  6  and  7.  Notice  that  for  satellite  4  in  Figure  7,  at 
the  higher  elevations  (98.0  -  100.0  hours),  very  little 
background  multipath  is  present,  whereas  at  the  lower 
elevations,  as  in  Figure  6,  there  appears  to  be  a  multipath 
signature.  The  appearance  of  multipath  errors  at  the  lower 
elevations  is  probably  due  to  the  antenna  phase  center 
deviations  from  the  average  antenna  phase  center.  The 
background  multipath  could  also  be  due  to  the  few 
structures  in  the  area  where  data  was  taken.  Building  14 
and  1 8  are  each  located  more  than  400  m  from  the  test 
site  and  a  radio  tower  is  located  more  than  100  m  from 
the  test  site.  Since  these  structures  are  so  far  away,  the 
authors  suspect  the  phase  center  motion  as  the  probable 
cause  of  the  multipath  signature  in  the  data  on  the  days 
when  no  intentional  multipath  producer  was  included  in 
the  test  setup. 

Figure  8  shows  the  comparison  between  the  measured 
data  and  the  GTD  data  for  satellite  16  on  JD059,  with  the 
4  ft.  by  12ft.  aluminum  plate.  Since  the  direct  signal  is 
not  present  in  the  blockage  region,  only  weak  diffracted 
signals  from  around  the  edges  and  comers  reach  the 
antenna,  as  noticed  in  the  blockage  region  (75.0  -  75.7 
hours),  where  significant  carrier  phase  shifts  of  greater 
than  10  mm  are  present.  As  a  result  of  the  interference 
between  the  direct  signal  and  strong  reflected  signal, 
significant  multipath  errors  on  the  differential  carrier 
phase  of  between  5  and  10  mm  were  observed  in  the 
reflection  region  (75.7  -  78.3  hours).  The  observed 
multipath  in  the  diffraction  region  (78.3  -  79  hours)  is 
significantly  lower,  usually  less  than  5  mm.  Similar 
observations  are  noted  for  Figure  9,  which  shows  the 
comparison  between  the  measured  and  GTD  data  for 
satellite  24  on  JD059;  however,  satellite  24  does  not 
move  into  the  blockage  region. 

Figures  10  and  1 1  show  similar  results  for  JD074  and  the 
3  ft.  diameter  cylinder.  Notice;  however,  that  the  cylinder 
produces  much  more  significant  phase  shifts  in  the 
blockage  region  than  was  noted  with  the  plate.  This  is 
due  to  the  cylinder  being  placed  closer  to  the  antennas  and 
vertical,  making  the  blockage  region  larger.  Notice  also 
that  satellite  4  on  JD074  passes  through  the  blockage 
region  where  both  antennas  are  blocked,  rather  than  just 
one,  as  was  the  case  for  satellite  16  on  JD059. 

The  following  summarizes  the  observations  supported  by 
the  data  presented  in  this  section: 
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1 .  Structural  blockages  cause  more  than  1 0  mm  ( 1 8.9'') 
phase  shift 

2 .  Reflections  from  and  diffractions  around  the 
structures  cause  more  than  5  mm  (9.45°)  phase  shift, 

3 .  In  the  low  elevation  angle  region  when  no  intentional 
multipath  producer  is  present,  two  major  concerns  are 
antenna  phase  center  deviation  and  background  noise 
due  to  unwanted  multipath  from  environment. 


CONCLUSIONS 

It  was  demonstrated  that  the  phase  errors  due  to  multipath 
in  the  precision  GPS  applications  can  be  modeled  and 
characterized  using  the  GTD  technique.  The  multipath 
objects  introduced  more  than  10  mm  of  phase  shift  in  the 
data.  This  level  of  phase  shift  can  produce  significant 
errors  in  the  attitude  determination  solution.  It  was  also 
noted  from  the  measured  results  when  no  multipath 
producer  was  present  that  there  were  significant  phase 
errors  in  the  low  elevation  regions  that  are  probably  due 
to  the  antenna  phase  center  deviation  in  that  region.  This 
presents  a  challenging  task  for  GPS  antenna  design  to 
provide  better  phase  center  stability  to  minimize  this 
error. 
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Figure  1  -  Test  Setup  with  No  Multipath  Objects  and  Patch  Antennas 
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Figure  4  -  Satellite  Tracks  for  JD059 
with  4  ft.  by  12  ft.  Aluminum  Sheet 
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Figure  5  -  Satellite  Tracks  for  JD074 
with  3  ft.  Diameter  Cylinder 
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Figure  6  -  Measured  Differential  Carrier  Phase  Error  on  JD046  with 
No  Intentional  Multipath  Producer  -  Satellite  1  Antenna  1 


Hours 


Comparison  of  Measured  and  Predicted  Differentiai  Phase  Errors  on  4  ft.  by  12  ft. 
Aiuminum  Sheet  with  Patch  Antennas  (JD059)  -  Sateilite  16  Antenna  1 
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Figure  10  -  Comparison  of  Measured  and  Predicted  Differential  Phase  Errors  on  3  ft.  Diameter 
30 _ Cylinder  with  Choke  Ring  Antennas  (JD074)  -  Satellite  1  Antenna  1 
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ABSTRACT 

Autonomous  on-board  spacecraft  guidance  and 
navigation  can  benefit  from  multisensor  data  fusion 
techniques  both  in  terms  of  achievable  accuracies  in 
position  and  attitude  determination,  as  well  as  in  terms 
of  increased  system  reliability.  In  particular, 
significant  benefits  can  be  found  in  cases  where 
measurement  noise  conditions  may  change  during  the 
mission  and  safety-critical  spacecraft  operations  are 
involved. 

Accuracy,  reliability  and  integrity  are  three  of  the 
main  requirements  which  will  be  involved  in 
autonomous  spacecraft  navigation  and  rendez-vous 
missions.  Those  requirements  may  be  achieved  by 
integrating,  now  available,  space  qualified  GPS 
receivers  that  provide  both  position  and  attitude 
information  with  specific  mission  related  instruments 
and  Inertial  Navigation  Sensors. 

LABEN  is  currently  developing  a  spacebome  GPS 
receiver  for  position  and  attitude  determination.  In 
parallel,  research  activities  are  currently  in  progress 
within  the  Research  and  Strategic  Developments  Dept, 
of  LABEN  in  the  fields  of  on-board  autonomy  and 
multisensor  data  fusion.  A  rendez-vous  simplified 
study  case  has  been  taken  as  reference,  and  involves 
integration  of  the  GPS  receiver  data  with  data  from  a 
Laser  Range  Finder  and  a  three  axis  Inertial 
Navigation  Sensor. 


The  core  of  the  data  fusion  system  is  based  on  an 
Extended  Kalman  Filter  that  includes  an  accurate 
gravitational  dynamic  model.  Because  sensor 
measurements  are  all  affected  by  various  error  sources 
that  are  variable  in  time  according  to  spacecraft-target- 
GPS  relative  positions  and  configurations  and  due  to 
the  presence  of  GNC  rendez-vous  manouvres,  the 
Kalman  filter  operation  needs  to  be  adapted  in  real¬ 
time  to  obtain  best  performance  on  the  basis  of  the 
current  conditions.  This  is  achieved  by  acting  both  on 
the  filter  covariance  matrices  and  on  the  dynamic 
model  itself. 

A  novel  adaptive  scheme  employs  a  Fuzzy  Logic  layer 
to  control  the  filter  performance  by  analyzing 
incoming  sensors  data  on  the  basis  of  a  set  of  rules. 
The  fuzzy  rule  set  is  designed  with  a  twofold  objective: 
achieve  better  accuracy  in  position  determination  and 
also  act  as  a  controller  on  GNC  and  sensors  operation 
correctness  and  consistency. 

Preliminary  simulation  tests  of  the  spacecraft  rendez¬ 
vous  system  with  the  Fuzzy  Logic  aiding  have 
provided  good  results  and  in-sight  on  the  validity  of 
the  adopted  sensor  fusion  scheme,  compared  with  the 
only  Kalman  filtering  of  sensors  data. 

KEYWORDS:  Fuzzy  Logic,  Kalman  Filter,  GPS, 
Data  Fusion,  Autonomy. 


1,  INTRODUCTION 

Space  missions  will  require,  in  a  near  future,  different 
levels  of  on-board  autonomy.  LABEN  is  cariying  out 
research  projects  to  consolidate  the  concepts  which  are 
at  the  basis  of  future  autonomous  spacecrafts  and  to 
define  novel  on-board  HW  and  SW  architectures 
capable  to  provide  autonomy  features  and 
functionalities  [1].  An  integrated  on-board  data 
handling  platform  [2]  can  be  easily  configured  to  meet 
different  mission  requrements.  Four  basic  guidelines 
drive  these  developments: 

•  integration  of  all  spacecraft  functions 
(classical  spacecraft  data  handling,  attitude 
and  orbit  control,  payloads  and  experiments 
control)  in  a  single  flexible  and  modular 
system; 
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Fig.  1.1-1  -  GNC  object  internal  structure 


•  easy  adaptation  of  system  HW  interfaces  to 
specific  mission  equipments  (eg.  attitude 
sensors/actuators,  specific  instruments); 

•  easy  adaptation  of  system  processing 

capability  to  mission  requirements  and 

mission  phases  (eg.  single/multiple 
processing  nodes); 

•  abstraction  of  software  architecture  from 

actual  physical  hardware  configuration  and 

reuse  of  typical  subsystem  SW  objects; 

In  the  frame  of  this  research  activity,  the  present  paper 
provides  preliminaiy  results  on  an  on-going  work 
which  aims  at  defining  a  data  processing  scheme  for 
fusion  of  data  acquired  from  attitude  and  orbit 
determination  sensors  [3].  On-board  orbit 
determination  and  control  is  a  fundamental  issue  for 
an  autonomous  spacecraft.  This  is  particularly  true,  for 
example,  for  such  missions  that  require  autonomous 
rendez-vous  with  orbiting  space  stations  [4],  or  in  all 
cases  where  ground  control  should  be  reduced  to  a 
minimum. 

The  initial  work  has  deliberatly  faced  only  orbit 
determination  by  applying  the  developed  architecture 
to  a  simplified  spacecraft  rendez-vous  study  case.  The 
preliminary  results  seem  to  be  quite  promising. 
Development  will  continue  by  taking  into 
consideration  data  fusion  from  attitude  determination 
sensors  as  well  as  from  payload  sensors,  by  extending 
and  generalizing  the  defined  architecture. 


A  GPS  receiver  developed  by  LABEN  [5]  forms  the 
basic  instrument  on  which  attitude  and  orbit 
determination  is  based.  The  receiver  data  is  integrated 
in  a  simulation  environment  with  data  from  a  Laser 
Range  Finder  and  a  three  axis  Accelerometer  to 
provide  accurate  and  reliable  information  to  the 
Guidance  Navigation  and  Control  system  (GNC)  of 
the  study  case. 

1.1.  On-Board  Integrated  Spacecraft  Control  Unit 

The  Control  Unit  architecture  topology  features  an 
integrated  and  homogeneous  system  platform, 
composed  of  single  or  multiple  symmetric  processing 
Nodes,  according  to  the  specific  mission  requirements. 
The  Nodes  control  all  spacecraft  subsystems  through  a 
set  of  Segment  Busses  to  which  all  the  equipments  are 
connected  via  standard  interfaces.  The  number  of 
Nodes  and  Segments  and  the  allocation  of  subsystems 
to  segments  is  mission  dependent.  The  processing 
nodes  may  be  active  simultaneously  to  achieve  parallel 
operations  during  critical  mission  phases,  or  may  be 
set  in  a  cold  redundancy  configuration  during  low 
processing  load  phases.  Architectures  with  2  and  4 
processing  nodes  have  been  prototyped  by  LABEN  [2]. 
Typical  segments  would  include: 

♦  GNC  (Attitude  &  Orbit  Sensors,  Actuators, 
GPS); 

♦  Payloads  (mission  dependent  experiments 
and  instruments) 
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Fig.  1.2-1  -  Taxonomy  of  data  fusion  techniques 


♦  Telecommunications  (Telecommand, 
Telemetry); 

♦  Services  (Power  &  Thermal  controls); 

The  software  architecture  follows  a  hierarchical 
structure:  data  handling  and  S/C  operations  are  as 
much  as  possible  localized  into  subsystem  and  payload 
SW  managers,  controlled  and  coordinated  by  an  On- 
Board  Mission  Manager.  A  Basic  SW  executive  layer 
provides  services  to  autonomously  handle  system 
configuration  and  corrununications;  in  addition  it 
provides  SW  components  for  a  mission  "Goal 
Oriented"  control  for  autonomous  selection  and 
execution  of  nominal  mission  plans  and  for  diagnosis 
of  failures  and  execution  of  recovery  actions.  The  on¬ 
board  knowledge  base  is  essentially  provided  by 
configurable  data  tables.  The  detail  which  is 
introduced  in  the  on-board  knowledge  can  provide 
different  levels  of  autonomy  as  required  by  the 
mission.  Software  is  designed  with  an  object  oriented 
methodology  and  all  subsystem  SW  objects  may  be 
dynamically  re-allocated  to  any  of  the  HW  Nodes.  Fig. 
1.1-1  gives  an  example  of  the  internal  structure  of  a 
generic  GNC  subsystem  object. 

1.2.  Data  Fusion  Concepts 

Data  Fusion  can  be  defined  as  a  process  which  relates 
data  coming  from  different,  and  possibly  not 
homogeneous,  sources  to  obtain  a  piece  of  information 
at  a  higher  level  with  respect  to  the  original  data.  The 
main  objectives  for  which  sensor  data  fusion 
techniques  are  applied  can  be  found  in  the  wide 
literature  and  are  summarized  as  follows: 

♦  Detection,  identification  and  object/event 
recognition; 

♦  Object/event  tracing  and  monitoring; 

♦  Environment  state  variation  control; 

♦  Decision  making; 


Although  sensor  data  fusion  objectives  may  be 
different,  it  should  be  noted  that  a  system  designed  for 
a  specific  task  may  be  easily  adapted  to  achieve 
additional  functionalities. 

This  feature  points  out  the  fact  that  similar  fusion 
techniques  are  used  for  apparently  different  objectives. 

Most  of  the  research  in  literature  makes  use  of 
combinations  of  active  and  passive  sensors.  When 
sensors  provide  the  same  type  of  information 
{competitive  fusion),  the  fusion  process  is  used 
essentially  to  obtain  better  accuracy  or  increased 
reliability.  On  the  other  hand,  when  sensors  provide 
complementary  data  {complementary  fusion),  it  is 
important  that  they  are  compatible  in  terms  of  field  of 
view,  frequency  range  and  sensitivity  to  external 
conditions  [6].  In  this  case,  a  sensors  data  model 
relates  the  data  outputs  to  the  final  object  of  the  fusion 
process  similarly  to  an  observation  matrix  that  relates 
measures  to  the  system  state  vector.  In  [7]  different 
techniques  are  reported  to  correlate  "intersecting" 
sensors  data:  averaging,  deciding  and  guiding.  The 
averaging  technique  simply  computes  a  weighted 
average  of  the  homogeneous  sensed  data;  the  deciding 
technique  introduces  a  priority  order  of  the  sensors, 
while  the  guiding  (or  sequential)  technique  uses 
information  from  a  primary  sensor  to  guide 
acquisitions  and  interrogations  to  secondary  ones. 
Discrepancies  or  inconsistencies  in  the  sensors  output 
data  may  also  be  used  by  the  fusion  process  to  detect 
and  possibly  isolate  system  failures. 

Expressing  the  sensed  enviromnent  with  a  vector  e  = 
(ei,  e2, ...  Cjj)^,  the  relation  between  sensed  object  and 
output  of  the  fusion  process  (fused  data)  may  be 
described,  in  the  most  general  case,  by  the  following 
equations  [8]: 

Si(t)  =  fi(t,  e(t))  i  =  1,  m 

<t>j(t)  =  gj(t,s(t))  j=l,p 
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where  f  represents  the  sensor  transfer  function,  and  g 
the  fusion  process.  In  the  simple  case  where  the  sensor 
transfer  function  and  the  fusion  process  can  be 
considered  time  invariants,  the  relation  reduces  to: 
i(t)  =  g(f(e(t)) 

which  maps  an  n-state  environment  vector  e  to  a  p- 
state  vector  of  fused  data  i,  through  the  sensors 
transfer  functions  and  the  fusion  processes. 

Many  data  fusion  applications  also  make  use,  in 
addition  to  the  sensor  measurements,  of  other  sources 
of  information  (knowledge  sources)  and  of  knowledge 
bases  to  obtain  the  required  fused  data.  The  knowledge 
sources  are  activated  on  the  basis  of  the  sensors 
outputs  and  according  to  previously  generated 
hypotesis  on  a  possible  solution,  which  is  in  this  way 
built  up  incrementally.  In  [9]  a  detailed  classification 
of  types  of  fusion  process  techniques  (fig.  1.2-1)  is 
reported.  Three  main  classes  can  be  identified: 

1.  Physical  Model  based  techniques:  the  fusion 
process  contains  a  model  of  the  sensed 
environment  and  of  the  observables;  this  class 
includes  among  others  Kalman  filtering; 

2.  Feature  based  inference  techniques:  the 
fusion  process  identifies  the  sensed 
environment  features  by  mapping  sensors 
data  to  internally  coded  data  bases; 

3.  Cognitive  based  techniques:  the  fusion 
process  emulates  the  decision  process  of  the 
analyist,  by  making  use  of  internally  stored 
template  logical  models;  fiizzy  expert  systems 
lay  within  this  class. 


2.  THE  DATA  PROCESSING  SCHEME 

The  selected  data  fusion  scheme  for  the  rendez-vous 
study  case  makes  use  of  an  extended  Kalman  filter 
estimator  and  predictor,  controlled  and  adapted  by  a 
fuzzy  rule-set  module  that  pre-processes  all  the 
available  information  and  sensor  measurements. 

The  initial  objective  of  the  research  was  to  consider 
simply  absolute  position/velocity  determination  of  the 
spacecraft  on  the  rendez-vous  trajectory.  Main  purpose 
was  to  verify  the  possibility  of  increasing  accuracy  of 
the  system  state  vector  elements,  by  integrating  data 
from  the  three  sensors  (GPS,  Laser  and 
Accelerometer)  and  by  adapting  the  knowledge  of  the 
measurement  noise  processes  as  they  change  in  time 
during  the  rendez-vous.  In  addition,  take  into 
consideration  the  frequent  manouvres  and  thruster 
forces  applied  to  the  spacecraft  on  the  trajectory. 

A  second  objective  of  the  fusion  process  architecture, 
currently  under  test,  is  to  provide  integrity  checks  on 
the  information  sources  and  increased  reliability  on 
the  resulting  fused  data. 


The  use  of  Kalman  filters  is  well  known  in  the  field  of 
optimal  estimation.  This  technique  is  widely  adopted, 
with  the  increase  of  microprocessor  performances,  also 
in  embedded  real-time  systems.  One  of  the  key  issues 
in  the  design  of  a  Kalman  filter  is  the  knowledge  of 
the  dynamic  process  and  measurement  noise  processes, 
given  by  the  process  noise  Q(k)  and  measurement 
noise  V(k)  covariance  matrices.  A  significant  difficulty 
in  designing  an  efficient  filter  is  due  to  the  uncertainty 
in  the  knowledge  of  these  matrices.  With  the 
possibility  of  real-time  tuning,  the  Kalman  filter 
performance  can  be  enhanced.  Different  adaptation 
schemes  have  already  been  proposed  and  applied: 
covariance  matching  techniques  try  to  keep 
consistency  between  the  filter  residual  covariance  and 
its  theoretical  value  while  hill-climbing  methods  adopt 
optimization  algorithms  to  obtain  the  optimum  of  the 
filter  performance  cost  fimction.  Recently  expert 
system  techniques  based  on  fuzzy  logic  have  been 
successfully  adopted  in  Kalman  filter  adaptation 
schemes  [10]  and  in  processing  of  realiability  factors 
for  GPS-based  position  determinations  [11]. 

Our  present  reasearch  is  limited  to  the  adaptation  of 
the  measurement  noise  covariance  matrix  V(k)  by 
using  a-priori  knowledge  of  the  time-varying  sensors 
induced  environment  errors,  built  into  a  set  of  fuzzy 
logic  rules.  A  block  diagram  of  the  overall  data  fusion 
scheme  for  the  specific  study  case  is  shown  in  fig.  2-1. 

2.1.  Information  Sources  and  Pre-Processing 

In  addition  to  the  three  spacecraft  sensors,  two 
additional  information  sources  are  used  in  the 
processing.  The  GNC  subsystem  module  provides 
(optional)  information  on  actuators  activations.  The 
RF  subsystem  handles  a  data  link  to  the  target  of  the 
rendez-vous,  from  which  it  is  assumed  to  obtain  highly 
accurate  periodic  estimation  of  its  own  state  vector 
xtg(k).  The  Earth  Centered  Inertial  (ECI)  coordinate 
frame  is  always  assumed  in  the  following. 

The  Accelerometer  is  modelled  as  a  three  axis  sensor 
providing  acceleration  components  in  the  body  frame 
which  are  then  converted  into  ECI  through 
instantaneous  knowledge  of  the  spacecraft  attitude 
matrix.  The  spacecraft  system  is  subject  to 
gravitational  forces  and  to  GNC  applied  actuator 
forces.  The  accelerometer  readings  are  only  triggered 
by  GNC  actuator  activation  signals,  f(k),  or 
alternatively  may  be  continuous  readings  that  are  pre- 
processed  and  passed  on  to  the  filter  only  when  raising 
above  a  given  threshold. 

The  Laser  Range  Finder  is  modelled  to  provide 
spacecraft-target  range  data,  Lr(k),  in  addition  to 
azimuth,  az(k),  and  elevation,  el(k),  angles  in  the  body 
frame.  Target-miss  events  are  also  simulated  in  the 
laser  model. 
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Sensor  Data  Sources  Additional  Information  Sources 


Fig.  2-1  -  Overview  of  Data  Fusion  Architecture 


The  GPS  receiver  is  modelled  from  the  LABEN 
Tensor  developments.  It  features  9  parallel  channels 
that  provide  up  to  9  pseudo-range  measurements,  z(k), 
to  GPS  space  vehicles.  The  pseudo-ranges  together 
with  the  GPS  SV  position  vectors,  xg(k),  (simulated 
over  the  rendez-vous  trajectory),  form  the  principal 
sensor  inputs  to  the  Kalman  filter. 

2.2.  The  Kalman  Filter 

The  core  of  the  data  fusion  architecture  is  represented 
by  an  Extended  Kalman  Filter.  Design  of  the  filter  is 
derived  from  the  GPS  Tensor  development  [12]  and 
modified  to  include  additional  measurement  sources. 
The  system  state  is  described  by  an  8-state  vector  in 

ECI  coordinates,  x(k)  =  (x,y,z,x,y,z,b,b)  ,  where  b 

(cAt)  represents  the  receiver  clock  bias  error.  The 
Kalman  filter  inputs  are  the  following; 


xtg(k)  target  state  vector; 

xg(k)  GPS  SV  position  vector; 

m(k)  GPS  and  Laser  measurements  vector; 

V(k)  measurements  covariance  matrix; 

a(k)  GNC-induced  acceleration  vector; 


1  ^=gkM+% 

By  linearizing  in  a  Taylor  series  around 

and  gicix,,)  around  we  get: 

fk^^k)—  fk  (^1: )  ~  ) 

Sk  i^k  )  =  Sk  ) 


where: 


The  update  process  of  the  Kalman  matrices  is  as 
follows: 


P^fi  =  Var[x^] 

Pk.k-\  -^k-\Pk-l.k-]^k-l  '^Pk-\Qk-^k-\ 


The  form  of  the  equations  for  the  implemented  non¬ 
linear  system  are; 


Filter 


^k|k-l  ^k-!|k-l 

Fig.  2.2-1  -  Extended  Kalman  filter  block  diagram 
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A  block  diagram  of  the  filter  is  sketched  in  fig.  2.2-1. 
The  influence  of  the  covariance  matrices  V|^ 

on  the  filter  performance  is  particularly  evident  in  the 
equation  of  the  gain  Kj^. 

The  filter  is  designed  to  output  a  periodic  state  vector 
solution  independently  of  the  presence  or  not  of 
measurements  from  all  sensors.  Sensors  may  have 
different  read-out  frequencies.  In  the  absence  of 
measurements,  the  filter  outputs  just  the  state  vector 
prediction  from  the  dynamic  model. 

It  is  important  that  the  dynamic  model  be  accurate 
enough.  In  particular,  a  model  of  the  gravitational 


implemented  in  the  filter.  The  gradient  components  of 
U  are  then  added  to  the  pre-processed  acceleration 
components  read-out  from  the  accelerometer  (only 
during  GNC  manouvres  -  accelerometer  components 
are  otherwise  set  to  zero)  and  numerically  integrated 
to  obtain  the  state  vector  prediction  at  time  k+1. 

The  number  of  measurements  at  any  time  k  is  variable 
according  to  the  sampling  time  of  the  sensors  (GPS 
and  Laser)  and  to  the  number  of  available  GPS 
satellites  in  view.  The  measurement  model  vector 


has  variable  size,  1  <  n  <  (q  +  3) ,  with  q  =  1,..,9. 

Measurements  are  assumed  uncorrelated,  therefore 
only  the  diagonal  of  the  Vj^  matrix  contains  significant 
values.  Those  are  set-up  and  updated  in  real-time  by 
the  fuzzy  processing  layer,  as  discussed  in  the 
following. 


l.X  The  Fuzzy  Logic  Layer 

The  fuzzy  adaptation  scheme  allows  to  include 
heuristic  knowledge  of  the  environment  in  which  the 
system  operates  to  tune  the  Kalman  filter  covariances. 
In  particular,  it  allows  us  to  identify  a  set  of  system 
configurations  and/or  situations  that  affect  the  error 
knowledge  of  the  sensors  measurements,  in  a  different 
way  than  the  default  nominal  mode.  The  parameters 
that  are  used  by  the  fiizzy  processor  to  identify  those 
situations  are  made  available  by  the  information 
sources  pre-processing  module  (fig.2-I).  In  the 
absence  of  such  external  adaptation,  the  filter 
performance  may  considerably  degrade  during  specific 
situations. 

2.3.1.  Basic  Concepts 


The  advantage  of  the  fuzzy  logic  approach  with 
respect  to  traditional  adaptation  schemes  is  related  to 
the  possibility  of  expressing  the  knowledge  in  a 
linguistic  form  rather  than  with  complex  mathematical 
models.  In  the  specific  case,  mathematical  models  (of 
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Fig.  2.3. 1-1  -  Binary  and  Fuzzy  set  membership  functions 


the  enviromnent,  for  example)  could  be  used  a-priori 
to  build  the  heuristic  adaptation  knowledge  base.  The 
adaptation  strategy  can  then  be  represented  in  the  form 
of  fuzzy  rules'. 

IF  <antecedent>  THEN  <consequent> 

Both  parts  of  the  rule  (antecedent  and  consequent) 
don't  represent  definite  actions,  but  rather  reference 
conditions  and  behaviours.  The  consequent  part  of  a 
rule  contains  a  qualitative  expression  of  the  action  to 
be  performed,  while  the  quantitative  expression  of  the 
final  decision  is  determined  by  the  combination  of  all 
rules.  This  feature  is  a  great  advantage  with  respect  to 
the  use  of  mathematical  models,  that  are  typically 
tailored  to  specific  and  single  physical 
phenomena/effects  (eg.  the  ionospheric  model,  the  S/A 
model,  etc.).  The  combination  of  concurrent  multiple 


fuzzy  set  is  associated  with  a  reference  term  and  is 
characterized  by  a  collection  of  objects  which  are 
similar  to  it.  The  similarity  degree  is  what  is  denoted 
as  membership  degree  to  the  fuzzy  set  and  described 
by  a  membership  function.  If,  for  example,  we  denote 
60  Km/h  as  a  medium  speed,  the  closer  the  speed  of 
the  observed  parameter  is  to  60,  the  higher  is  its 
membership  degree  (fig.  2.3. 1-1).  By  contrast  a  binary 
set  function  is  also  shown,  where  a  medium  speed  is 
denoted  as  that  between  50  and  70  Km/h.  It  is  clear 
how,  with  this  kind  of  set,  we  might  obtain  a 
completely  different  action  in  going,  for  example,  from 
50  Km/h  to  49.99..  Km/h. 

The  fuzzy  Reasoning  is  composed  by  two 
computational  steps,  which  permit  to  infer  fuzzy 
values  for  the  output  variables,  starting  from  fuzzy 


n  =  input  variables 
m  =  number  of  rules 


Fig.  2.3. 1-2  -  Fuzzy  computational  model 


effects  could  produce  very  complex  mathematical 
formulations. 

In  addition,  the  linguistic  approach  allows  us  to  deal 
with  uncertain  and/or  imprecise  expressions  of  the 
type: 

•  Peter  is  very  tall; 

•  Speed  is  high; 

•  Elevation  angle  is  small; 

in  contrast  to  the  classical  (0,1)  boolean  logic  for 
which  thresholds  should  be  defined  to  decide  whether 
elevation  angle  is  big  or  small.  The  fuzzy  rules  then 
become  expressions  of  the  type: 

IF  the  light  IS  red  AND  the  speed  IS  high 
THEN  the  action  IS  brake; 

IF  the  light  IS  green  AND  the  speed  IS  very  low 
AND  the  crossing  IS  close 
THEN  the  action  IS  accelerate; 

To  allow  the  fiizzy  processor  to  take  decisions  on  the 
basis  of  the  linguistic  rules,  the  observed  parameters 
(information  sources)  should  be  evaluated  to  establish 
the  degree  of  membership  to  the  reference  term.  A 


values  of  the  input  variables.  The  steps  include  (fig. 
2.3. 1-2): 

•  Fuzzyfication:  to  interface  the  fuzzy  processor 
to  the  real  system  it  is  necessary  to  fuzzify  the 
observed  data  by  means  of  the  association 
with  a  corresponding  function.  To  speed  up 
and  simplify  the  task,  currently  the  observed 
data  is  associated  to  a  crisp  value; 

•  Alpha-value  computation',  computes  the 
membership  degree  of  the  input  varaibles  to 
the  fuzzy  sets  by  means  of  membership 
functions  (fig.2.3.1-1).  The  classical  logical 
operators  (OR,  AND,  NOT)  are  extended  to 
combine  fuzzy  sets  with  a  precise 
mathematical  formalism; 

•  Fuzzy  Inference',  formalizes  the  fuzzy 
reasoning  by  using  the  fiizzy  rules  and  the  a- 
values  to  deduce  fuzzy  outputs.  Using  the  a- 
values  obtained  from  antecedent  parts,  the 
membership  functions  of  the  consequent  parts 
are  modified  and  combined  from  the  different 
rules.  The  most  classical  methods  are  the 
max-min  and  the  max-dot  methods. 
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•  Defuzzyfication:  this  last  step  is  used  to  obtain 
a  precise  answer  (discrete  value  of  the  output 
variables)  for  the  action  to  be  taken  on  the 
system.  The  most  commonly  used  techniques 
are  the  center-of-gravity  and  the  centroid. 


2.3.2.  Fuzzy  processing  and  membership  functions 

The  input  variables  used  by  the  fuzzy  processor  for  the 
simulated  study  case  are  the  following: 

©(k):  elevation  angles  vector  of  the  GPS 
satellites  at  time  k,  computed  from  the 
satellites  positions  and  from  the  spacecraft 
position  and  attitude; 

A_r(k):  pseudo-range  residuals,  computed  as 
the  difference  between  the  actual 

measurements  and  the  estimated  values; 
Gdop(k):  geometric  dilution  of  precision 
parameter  computed  at  time  k; 
d_tgt(k):  estimated  distance  between  target 
and  spacecraft  at  time  k. 

The  membership  functions  for  those  parameters  are 
shown  in  fig.  2.3.2-1. 

The  fuzzy  rules  are  subdivided  into  two  blocks,  each 
associaated  to  a  sensor.  The  outputs,  inc_stdgps(k)  and 
diff_stdlr(k),  computed  by  the  defuzzyfication 
processes  of  the  two  blocks,  represent  corrective  values 
to  be  applied  to  the  diagonal  of  the  Kalman  filter 
measurement  covariance  matrix.  The  membership 
functions  for  those  variables  are  shown  in  fig.  2. 3. 2-2. 

Parameter:  ©(k) 


bad_ang  qgl_ang  qg2_ang  good_ang 


Parameter:  A_r(k) 


Parameter:  Gdop(k) 


very_good  good  suff  insufF 


Parameter:  djgt(k) 


verynear  near_l  near_2  near_3  near_4  near_5  medfar  far 


Variable:  inc_stdgps(k) 
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Errors  difference  of  state  estimates  without  and  with  Fuzzy  processing 
Zero  line 


Variable;  diff_stdlr(k) 


The  fuzzy  rules  set  uses  the  input  parameters  to 
identify,  in  the  present  design,  three  sources  of  error 
and  take  care  of  them  on  the  basis  of  the  expert  system 
knowledge: 

•  Elevation  angle  of  the  GPS  satellites  with 
respect  to  the  receiver  has  an  effect  on  the 
Signal  to  Noise  Ratio,  due  to  antenna  gain 
pattern  and  to  ionospheric  distortion; 

•  "Failure"  of  a  GPS  satellite  is  a  second 

Km 


Fig.  3-1  a 

possible  source  of  error,  which  may  introduce 
large  unwanted  bias  in  the  receiver  pseudo¬ 
range  measurement.  This  source  of  error  is 
conunonly  detected  by  RAIM  techniques; 

•  GDOP  provides  a  kind  of  quantitative 
measure  of  the  achievable  accuracy  given  a 
satellite  geometric  configuration; 

•  Distance  between  target  and  spacecraft  affects 
the  performance  of  the  Laser  instrument  in  a 
know  way. 

Those  represent  just  a  few  of  the  possible 
implementation  rules.  It  should  be  outlined  that  a 
promising  application  of  fuzzy  processing  may  be 
applied  to  the  identification  of  multipath  error  sources 
within  GPS  receivers  for  attitude  determination. 

3.  SIMULATION  RESULTS 

To  verify  performances  of  the  data  fusion  architecture, 
a  simulation  environment  was  developed  and  set-up  on 
a  Sun  SPARCStation.  The  target  LEO  orbit  and  a 
complete  rendez-vous  trajectory  for  the  spacecraft  were 


•  •  •  Zero  line 

Mean  Correction  value 


Fig.  3-1  b 
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State  estimate  error  with  accelerometer  data  included  (1  manouvre) 
■  •  •  State  estimate  error  without  accelerometer  data  (1  manouvre) 

Fig.  3-2 


Km 


Error  difference  of  state  estimate  without  and  with  Fuzzy  processing  (no  Laser) 
■  ■  •  Zero  line 

□  Failiue  event  on  a  GPS  satellite 


Fig.  3-3 


generated,  including  GNC  manouvres  and  actuator 
forces.  Software  modules  were  developed  representing 
sensor  instruments  simulations,  GPS  constellation  and 
simplified  models  of  the  error  sources  considered. 

Simulations  were  aimed  essentially  at  verifying  the 
performances  of  the  only  Kalman  filtering  against  the 
combination  of  fuzzy  control  and  filter,  under  different 
operating  conditions. 

Three  main  simulation  tests  provided  results  on: 

1.  GPS-only  solutions  in  the  absence  of 
manouvres; 

2.  GPS  and  Accelerometer  in  the  presence  of 
GNC  manouvres; 

3.  GPS,  Laser  and  Accelerometer  solutions  in  a 
global  rendez-vous  simulation. 

The  performances  evaluation  is  based  on  the  length  of 
the  error  vectors  e  formed  by  the  difference  of  the 
resulting  state  vector  estimate  and  the  true  system 
generated  state  vector.  In  [10]  the  correlation 
coefficent  R  between  the  estimated  and  the  true  state  is 
instead  proposed  as  a  figure  of  merit  of  the  adaptation 
scheme. 


Test  1 

No  manouvres  are  included  in  this  set  of  tests,  and  the 
only  Selective  Availability  error  source  is  present.  Fig. 
3-la  plots  the  difference  (ej^  -  efj^)  where  gj^  is  the  only 
Kalman  filter  and  is  the  combined  Fuzzy+Kalman 
solution.  This  plot  essentially  enphazises  the  effect  of 
the  fuzzy  rules  on  the  GPS  satellites  elevation  angles. 
A  positive  value  indicates  an  increase  in  the 
Fuzzy+kalman  approach.  Fig.  3-lb  plots  the  same 
quantify  ordered  by  increasing  mean  elevation  angle. 

Test  2 

A  single  thruster  (50  sec)  manouvre  is  simulated  to 
evaluate  the  effect  of  the  accelerometer  in  the  Kalman 
filter.  The  GPS  receiver  is  operating  as  in  test  1  with 
the  only  S/A  error.  Fuzzy  rules  are  disabled.  Fig.  3-2 
plots  the  error  vectors  with  the  accelerometer  on  and 
off. 

Test  3 

This  test  performs  a  global  simulation  of  the  rendez¬ 
vous  with  the  three  sensors  operating  in  nominal 
mode.  Different  kinds  of  errors  are  introduced 
sporadically.  Fig.  3-3  plots  the  result  of  introducing 
periodic  instantaneous  GPS  satellite  failmes  to 
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evaluate  the  effect  of  fiizzy  rules  correcting  such 
situations.  The  convergence  time  after  the  failure  of 
the  only  Kalman  filter  is  quite  visible  in  this  plot. 

Fig.  3-4  reports  the  errors  after  activation  of  the  Laser 
at  close  distances  from  the  target.  The  accuracy  of  the 
Laser  significantly  reduces  the  error  in  the  state 
estimate;  this  is  quite  evident  at  the  occurence  of  laser 
target-miss  events. 

The  following  table  summarizes  the  mean  state  vector 
estimation  error  for  the  three  tests  considered  above, 

computed  as  Jt,{E[(x-x)(x-x)T]). 


Processing  Time 

In  view  of  the  application  of  such  a  data  fusion 
processing  scheme  into  an  embedded  real-time 
spacecraft  system,  a  coarse  evaluation  of  the 
processing  times  was  peformed  on  a  Sun 
SPARCStation  (SPARC  processor  @  25  MHz)  and  are 
reported  in  the  following  table. 


4.  CONCLUSIONS  AND  FUTURE  ASPECTS 

A  data  fusion  architecture  employing  a  fuzzy  expert 
system  based  adaptation  strategy  of  Kalman  filter 
covariance  matrices  has  been  developed  and 
demonstrated  in  a  simulation  environment  for  a 
rendez-vous  study  case.  The  results  demonstrate  that 
the  concepts  can  lead  to  improvement  in  system  state 
vector  estimate  accuracy  with  respect  to  a  traditional 
filter  approach,  in  the  presence  of  varying 
environment  and  operating  conditions.  In  addition  it 
has  been  proved  that  it  is  possible  to  integrate,  in  a 


quite  flexible  architecture,  data  and  measurements 
from  various  information  sources.  In  the  present  work 
the  focus  of  the  data  fusion  strategy  was  mainly  posed 
on  improvement  of  accuracy.  The  second  objective  of 
this  architecture,  currently  under  study,  is  the  increase 
of  system  reliability  and  data  integrity  by  introducing, 
when  possible,  a-priori  knowledge  in  the  fuzzy  rules  of 
the  system  evolution. 


Although  the  reference  study  case  is  presently  based 
on  a  rendez-vous  application,  the  aim  is  to  achieve  a 
modular  architecture  that  may  be  easily  adapted  and 


Mean  Processing  Time  (sec) 

Total  state  estimation  for  time  k 
(Measurement  Pre-Processing+Fuzzy+Kalman) 

0.094 

Kalman  filter  Dynamic  Model 

0.001 

Measurement  Model 

(Pre-Processing  and  Kalman  filter  Measurement  Model) 

0.028 

0.037 

TESTl 

TEST  2 

TEST  3 

Fuzzy+Kalman 

24  m 

Accelerometer  ON 

38  m 

9  m 

Kalman  only 

25  m 

Accelerometer  OFF 

49  m 

15  m 

Iterative 

Least  Squares 

59  m 

Iterative 

Least  Squares 

74  m 

Iterative 

Least  Squares 

61  m 
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configured  for  different  applications.  In  particular, 
define  "standard"  interfaces  between  sensors  and  the 
pre-processing  layers  and  for  easy  inclusion  of 
different  fiizzy  rule  set  data  bases.  Currently  available 
commercial  software  tools  allow  to  easily  define  and 
maintain,  through  graphical  interfaces,  the  fuzzy  set 
membership  fiinctions  and  rules  and  to  generate  data 
bases,  which  may  be  linked  to  C-language  run-time 
code,  and  used  by  the  fiizzy  inferential  engine  in  a 
real-time  system. 

One  application,  that  is  already  under  study  and 
development  in  LABEN  [13],  is  to  tailor  this 
architecture  to  spacecraft  attitude  determination  by 
integrating  in  a  common  unit  a  GPS  attitude 
determination  receiver  with  Miniaturized  Inertial 
Measurement  Units. 
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ABSTRACT 

GPS  can  be  applied  advantageously  to  the  problem  of 
autonomous  relative  navigation  and  time  transfer  for  two 
vehicles  with  communications  links  between  them.  This 
application  is  significantly  different  from  the  navigation 
of  one  vehicle  with  respect  to  a  reference  station  which 
has  essentially  perfect  knowledge  of  position  and  time. 


The  focus  in  this  paper  is  on  applications  where  the  two 
vehicles  are  orbiting  space  vehicles.  A  GPS  receiver  is 
placed  in  each  vehicle,  and  a  communications  system  is 
used  to  pass  information  from  one  vehicle  to  the  other  so 
that  relative  navigation  and  clock-correction  estimates 
can  be  computed  in  each  vehicle.  The  vehicles  are 
orbiting  near  to  each  other,  so  that  the  perturbations  in 
their  orbits  are  significantly  correlated  and  the  errors  in 
the  GPS  measurements  to  common  satellites  are 
significantly  correlated.  The  receivers  incorporate  SA 
corrections,  and  can  make  pseudorange  and  accumulated- 
phase  measurements  at  LI  and  L2.  Aiding/correction 
signals  are  limited  to  attitude  data  from  on-board  sensors 
and  signals  sent  from  one  vehicle  to  another.  State-of-the 
art  accuracies  are  desired. 

This  paper  addresses  the  design  of  the  navigation 
algorithms  and  the  expected  performance  trends,  and 
illustrates  the  trends  with  the  results  of  computer 
simulations.  Several  important  issues  are  addressed, 
particularly,  (a)  the  benefits  of  utilizing  a  joint  relative- 
navigation  filter,  rather  than  two  independent  navigation 
filters,  (b)  means  of  incorporating  matched  (same 
satellite,  same  epoch,  different  vehicle)  and  unmatched 
measurements,  (c)  the  benefits  of  incorporating 
accumulated-phase  measurements,  rather  than  "delta- 
pseudorange”  (delta-phase)  measurements,  (d)  the  effects 
of  measurement  nonlinearities,  (e)  modeling  the 
accumulated-phase  ambiguity  states,  (f)  the  benefits  and 
limitations  of  using  accumulated  phase  measurements  in 
enhancing  the  relative  accuracy  of  time  transfer,  and  (g) 
the  dependence  of  relative  navigation  accuracy  on 
absolute  navigation  accuracy  and  on  the  distance  between 
the  two  user  vehicles. 
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BACKGROUND 

Many  papers  have  been  published  on  the  use  of  GPS 
measurements  for  autonomous  absolute  navigation  of 
orbiting  space  vehicles  [Munjal,  1992].  The  autonomy 
provided  by  this  system  has  been  shown  to  result  in 
significant  system  simplifications  and  cost  reductions  in 
comparison  w  ith  alternative  approaches,  and  the 
resulting  accuracies  have  been  shown  to  be  sufficient  for 
many  space  applications.  It  has  been  demonstrated  that 
greatly  improved  accuracies  can  be  achieved  by  providing 
corrections  to  the  GPS  measurements  from  one  or  more 
reference  stations  [Davis,  1994,  &  refs.].  Extensions 
have  been  made  to  incorporate  inertial  sensors  to  provide 
data  on  measurable  specific  forces.  It  has  also  been 
shown  that  six-degree-of  freedom  navigation  (including 
attitude  determination)  can  be  achieved  using  GPS 
accumulated-phase  measurements  from  multiple  GPS 
antennas  [Satz,  1991;  Ward,  1995].  The  use  of  GPS 
pseudorange  measurements  for  relative  navigation  in 
rendezvous  applications  has  also  been  described  [Hinkel, 
1995].  Little,  if  anything,  has  been  published  on  the  use 
of  GPS  accumulated-phase  measurements,  in  addition  to 
GPS  pseudorange  measurements,  for  autonomous  relative 
navigation  and  time  transfer  for  pairs  of  orbiting  space 
vehicles.  The  use  of  accumulated-phase  measurements 
allows  unusually  great  accuracies  to  be  achieved.  This 
paper  discusses  the  approaches  that  can  be  used  to 
achieve  the  best  accuracies,  and  points  out  some  of  the 
pitfalls  to  be  avoided. 


ASSUMPTIONS 

In  this  paper  we  consider  the  design  of  filters  for 
autonomous  navigation  and  time  transfer  for  two  orbiting 
space  vehicles,  which  we  will  call  User  Vehicle  I  and 
User  Vehicle  2  (UVl  and  UV2),  as  shown  conceptually 
in  Figure  1.  The  filters  are  to  estimate  the  absolute 
position,  velocity,  and  clock  error  for  each  vehicle,  and 
the  relative  position,  velocity,  and  clock  error  of  one 
vehicle  with  respect  to  the  other.  Only  local  GPS 
measurements  are  to  be  utilized,  except  that  a  two-way 
communications  link  is  available  for  transmission  of 
measurement  data,  filter  output  data,  and/or  control 
information  from  one  vehicle  to  the  other. 

Simulation  results  are  provided  to  illustrate  the 
conclusions  presented  in  the  text.  The  simulation  truth 
models  utilized  for  this  study  are  purposely  simplified  in 
order  to  clarify  performance  trends:  The  UVs  are 
considered  to  be  point  masses  with  separations  ranging 
from  1000  km  to  less  than  1  km.  (Extensions  to  six- 
degree-of-freedom  representations  can  follow  previously 


published  approaches. [Satz,  1991].  Lever  arms  between 
the  navigation  centers  and  the  antennas  phase  centers  for 
each  UV  are  assumed  to  be  known  with  negligible  error, 
(as  determined  by  other  sensors.)  The  orbits  of  the  UVs 
are  assumed  to  be  almost  the  same,  except  for  an  along- 
track  displacement  that  is  a  variable  study  parameter. 

The  orbit  altitudes  are  generally  assumed  to  be 
approximately  1000  km,  well  above  the  troposphere,  and 
the  ionosphere.  The  GPS  satellite  ephemeris  errors  are 
considered  to  be  random  vector  biases  with  component 
rms  magnitudes  of  3  m  radial,  4  m  cross-track,  and  5  m 
along-track.  GPS  satellite  clock  errors  are  assumed  to  be 
zero.  The  UV  orbits  are  assumed  to  be  governed  by  a 
gravity  field  of  7th  order  and  degree  (subset  of  WGS84), 
and  perturbations  due  to  solar  pressure  and  atmospheric 
drag  are  assumed  to  be  negligible.  The  UVs  are  assumed 
to  be  in  orbit,  without  thrusting.  (Inertial  data  can  be 
incorporated  in  a  straight-forward  fashion  to  measure 
specific  force.)  The  fields  of  view  of  the  GPS  antennas 
are  assumed  to  be  limited  to  upper  hemispheres  (with 
locally  level  antennas),  with  the  result  that  the 
constellation  seen  by  both  UVs  are  almost  the  same, 
except  when  the  separation  distance  between  UVl  and 
UV2  is  large.  (Further  limitations  in  the  fields  of  view^ 
can  be  introduced  in  six-degree-of-freedom  models.) 

User  clock  errors  are  assumed  to  be  due  to  random 
velocity  (frequency)  and  acceleration  (frequency  drift) 
noise. 


Figure  1.  Autonomous  navigation  and  time  transfer 
for  two  space  vehicles 

The  GPS  receivers  are  assumed  to  be  capable  of 
measuring  pseudorange,  accumulated  phase,  and  delta 
accumulated  phase,  utilizing  P/Y  codes  on  LI  and  L2 
frequencies.  Selective  availability  (SA)  errors  are 
assumed  to  have  been  compensated  in  the  receiver. 
Measurements  are  assumed  to  be  made  simultaneously  at 
each  measurement  epoch.  Epochs  are  assumed  to  be 
separated  by  a  period  of  10  seconds.  Multipath  noise  is 
assumed  to  be  random  with  rms  values  of  about  1.5  m  in 
pseudorange  and  I  mm  in  accumulated  phase  (2  mm  in 
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(2) 


double-difference  accumulated  phase).  (Such  low  values 
require  special  attention  to  antenna  design  and  siting.). 
Code-loop  measurements  are  assumed  to  have  been  aided 
with  carrier-phase-rate  data  with  a  time  constant  of 
almost  10  seconds.  Receiver  front-end  noise  is  assumed 
to  result  in  pseudorange  and  phase  error  components  that 
are  negligible  in  comparison  with  the  respective 
multipath  errors. 

For  low  earth  orbits,  ionospheric  errors  in  pseudorange, 
and  incremental  ionospheric  errors  in  accumulated 
phase,  will  be  important,  but  can  be  quite  well 
compensated,  on  the  basis  of  the  differences  between 
measurements  at  the  LI  and  L2  frequencies.  (L1-L2 
inter-channel  biases  in  the  receivers  should  be 
considered.)  Because  of  the  high  orbital  velocities, 
ionospheric  errors  may  have  significant  dynamics.  If  the 
measurements  and  corrections  are  made  independently  at 
each  epoch,  the  correction  formula  results  in  an 
amplification  of  the  rms  value  of  independent  front-end 
and  multipath  noise  by  a  factor  of  3.0.  At  the  high 
altitude  of  1000  km,  the  baseline  for  this  study,  we 
assume  that  the  ionospheric  error  is  negligible,  and  we  do 
not  apply  the  correction  formula.  At  lower  altitudes 
using  the  correction  formula  would  be  appropriate, 
although  the  random  noise  levels  would  be  increased 
accordingly. 


GPS  ACCUMULATED-PHASE  MEASUREMENTS 

The  GPS  receiver  in  a  User  Vehicle  (UV)  is  assumed  to 
be  capable  of  making  measurements  of  pseudorange  (PR) 
and  accumulated  phase  (AP)  with  respect  to  any  visible 
GPS  Satellite  (S).  A  PR  measurement  made  at  UVl 
using  a  signal  from  SI  can  be  modeled  as 


PR  ~  ll’uvusil  “  Suvi,Sl  (1) 

where  r  is  the  vector  from  UVl  to  SI,  x  is  the  error  of  the 
UVl  clock,  and  e  is  the  net  measurement  error,  with  all 
terms  being  represented  in  a  consistent  set  of  units,  e.g., 
meters.  A  GPS  receiver  is  also  able  to  measure  the  phase 
of  the  GPS  carrier  (after  removal  of  the  code  and  data). 

It  is  also  capable  of  keeping  track  of  the  evolution  of 
whole  carrier  cycles  in  the  phase  measurements, 
beginning  with  the  initial  epoch.  If  this  cycle  count  is 
appended  to  the  phase  measurement,  the  result  is 
accumulated  phase  (AP).  AP  is  almost  the  same 
fimctionally  as  PR,  except  that  there  is  an  initial  cycle- 
count  ambiguity  N.  Hence  the  accumulated  phase 
measurement  can  be  represented  in  the  form 


AP  “  |ruvi,si|  "  '^uvi  “  Nxjv^i^si  +  StJvi,si 


This  measurement  is  illustrated  in  Figure  2. 
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Figure  2.  Accumulated  phase  measurements 


The  multipath  and  front-end  errors  associated  with  AP 
are  much  smaller  than  the  corresponding  error 
components  associated  with  PR.  (The  propagation  errors 
for  AP  and  PR  are  essentially  the  same,  except  that  the 
ionospheric  errors  are  opposite  in  sign.)  Hence,  by  fixing 
the  ambiguity  constants,  the  evolution  of  the  trajectory  of 
each  user  vehicle  can  be  determined  with  extreme 
precision. 

By  taking  the  differences  between  AP  readings  taken  at 
closely  spaced  sample  times,  delta-accumulated-phase 
(AAP)  measurements  (known  in  the  classic  GPS 
literature  as  "delta-pseudorange”  measurements)  are 
obtained.  An  interval  of  0.6  seconds  is  typical.  These 
are  usefiil  as  estimates  of  pseudorange  derivatives 
because  they  are  reasonably  accurate  and  can  be  modeled 
approximately  as  instantaneous,  rather  than  average, 
values.  However,  using  these  AAP  measurements  to 
obtain  the  evolution  of  a  trajectory  results  in  much 
greater  error  than  can  be  obtained  with  AP 
measurements,  because  the  former  data  cannot  account 
for  changes  in  pseudorange  outside  the  short  intervals. 
Generally,  utilizing  AP  measurements,  as  opposed  to 
AAP  measurements,  involves  greater  complexity,  and 
requires  greater  caution,  but  provides  a  veiy  significant 
advantage  in  performance  when  the  filter  is  appropriately 
designed. 


ARCHITECTURE  ISSUES 

We  desire  an  absolute  navigation  estimate  for  each 
vehicle,  and  relative  navigation  estimate  showing  the 
spatial  vector  between  the  two  user  vehicles.  We  also 
desire  estimates  of  the  absolute  and  relative  clock  errors. 
The  relative  estimates  are  different  from  differential 
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estimates,  which  are  obtained  when  the  position  and 
clock  error  for  one  of  the  user  vehicles  are  known 
essentially  perfectly. 

The  relative  estimation  problem  has  some  interesting 
features.  Because  measurements  from  two  nearby  UVs  to 
a  common  satellite  at  a  given  epoch  contain  highly 
correlated  errors,  and  because  the  unknown  orbital 
dynamics  perturbations  for  two  nearby  UVs  are 
significantly  conelated,  the  absolute  estimation  errors  for 
the  two  UVs  will  be  correlated,  and  the  relative 
estimation  errors  will  be  significantly  smaller  than  the 
absolute  estimation  errors.  Because  of  this  correlation 
between  the  absolute  estimation  errors  for  UVl  and  UV2, 
a  measurement  at  UV2  can  be  used  to  reduce  the  absolute 
position  error  for  UVl  as  well  as  for  UV2,  and  vice  versa. 
Furthermore,  the  relative  estimation  accuracy  will  depend 
upon  the  absolute  estimation  accuracy  (even  when  the 
differential  measurement  errors  magnitudes  are  held 
fixed).  This  dependence  is  due  to  the  measurement 
geometry  and  increases  as  the  separation  distance 
between  the  UVs  increases. 

The  relative  estimation  process  converges  to  the 
differential  estimation  process  when  the  estimation  errors 
associated  with  one  of  the  UVs  are  assumed  to  be  zero. 

A  desirable  output  from  the  estimation  filter  is  the  2n-by- 
2n  covariance  matrix  P  for  the  estimation  errors 
associated  with  UVl  and  UV2.  From  this  matrix  the 
expected  mean  squared  values  of  differential  (as  well  as 
direct)  measurement  residuals  can  be  computed  and 
compared  with  actual  residuals.  The  results  can  be  used 
for  editing  of  spurious  data  and/or  for  detection  of 
estimator  convergence  problems.  The  results  can  also  be 
used  for  higher  level  decision  making,  e  g..,  to  determine 
whether  relative  and  absolute  errors  are  deemed  to  be 
small  enough  to  be  suitable  for  high-risk  operations. 


With  this  architecture  the  estimation  results  at 
UV2  are  telemetered  to  UVl,  and  the  absolute  estimates 
are  subtracted  directly  to  obtain  the  relative  estimates. 
However,  there  are  problems  with  this  approach. 
Achieving  good  relative-estimation  accuracy  requires  that 
only  pairs  of  measurements  with  highly  correlated  errors 
be  included.  If  a  measurement  from  one  UV  with  respect 
to  a  particular  GPS  satellite  is  incorporated  in  one 
estimator,  a  corresponding  measurement  from  the  other 
UV  with  respect  to  the  same  satellite  must  be 
incorporated  in  the  other  estimator.  Since  non-common 
measurements  must  be  excluded,  absolute  accuracy  would 
be  degraded,  and  there  might  be  a  need  for  separate 
absolute  estimators  (incorporating  all  available 
measurements),  to  be  utilized  exclusively  for  absolute 
estimation.  With  this  architecture,  measurements  made 
at  one  UV  would  not  help  the  absolute  estimation  at  the 
other  UV  and,  hence,  performance  would  be  significantly 
less  than  optimal.  Furthermore,  correlations  between 
UVl  errors  and  UV2  errors  would  not  be  computed  and, 
thus,  no  projections  of  the  relative  estimation  errors  or  of 
the  a  priori  differential  residual  errors  would  be 
available. 

An  alternative  architecture  is  shown  in  Figure  4. 
In  this  architecture  each  UV  incorporates  an  integrated 
estimation  filter,  which  receives  raw  time-tagged 
measurements  from  the  other  UV,  as  well  as  the 
measurements  from  its  own  GPS  receiver.  This  estimator 
models  states  from  both  UVl  and  UV2,  and  provides  an 
integrated  covariance  matrix  of  dimension  2n-by-2n. 
Although  the  required  computations  are  more  intensive 
than  those  for  the  architecture  in  Figure  3,  the 
performance  is  enhanced,  the  desired  covariance  results 
are  obtained,  and  the  pooling  of  measurements  facilitates 
editing  of  bad  measurements.  For  these  reasons  we  favor 
using  the  integrated  estimation  filter. 


Perhaps  the  simplest  estimator  architecture  is  one  with 
two  independent  absolute  estimation  filters,  as  shown  in 
Figure  3. 


UV  #1  Position  &  Velocity 


Relative  position  and  velocity 


Figure  3.  Relative  navigation 
with  two  absolute  navigation  filters 


Figure  4.  Utilizing  an  integrated  estimation  filter. 
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It  may  be  advantageous  in  some  applications  to 
approximately  separate  the  problem  into  absolute  and 
relative  navigation,  thereby  providing  the  desired  relative 
and  absolute  error  covariances  with  reduced 
computational  burden,  and  with  some  reduction  in 
accuracy.  These  two  navigators  should  be  cross-coupled 
in  order  to  allow  the  nonlinear  measurement  and 
propagation  geometry  to  be  taken  into  account.  This  is  a 
topic  for  further  study. 

GPS  MEASUREMENT  TRANSFORMATIONS 

When  the  two  UVs  are  close  to  each  other,  the  errors  in 
the  measurements  from  the  two  UVs  to  the  same  satellite 
will  be  significantly  correlated.  It  is  essential  to  reflect 
these  correlations  in  the  noise  models  used  in  the 
integrated  estimation  filter.  However,  for  computational 
simplicity  it  is  desirable  to  use  scalar  updates  with 
uncorrelated  noise.  The  measurements  with  correlated 
errors  can  be  conveniently  transformed  into  average  and 
differential  measurements  which  have  uncorrelated  noise: 


PRav,Sl  =  (PRuVl.Sl  PRuV2,Siy2 

(3) 

PRa,S1  (PRuVl,Sl  "PRuV2,Si)/2 

(4) 

APav,Sl  =  (APuvl,Sl  +  APuv2,Siy2 

(5) 

APa,si  =  (APuvi,si  -  APuv2,siy2 

(6) 

The  differential  measurements  then  are  modeled  as 
having  relatively  low  rms  values  of  noise  in  comparison 
with  those  of  the  average  measurements.  These 
transformations  are  used  whenever  correlated 
measurements  are  received;  otherwise,  unmodified  PR 
and  AP  measurements  are  used.  Generally,  the  average 
measurements  are  most  useful  in  reducing  errors  in 
absolute  navigation  and  time  transfer;  whereas,  the 
differential  measurements  are  most  useful  in  reducing 
errors  in  differential  navigation  and  time  transfer. 
However,  there  is  some  cross  coupling,  as  will  be 
described  below. 

Double-difference  accumulated-phase  (ddAP) 
measurements  are  often  used  for  GPS  differential 
kinematic  navigation  [Loomis,  1989;  Hwang,  1991; 
Remondi,  1992J .  A  double-difference  measurement  is 
formed  by  subtracting  a  single-difference  measurement 
with  respect  to  one  GPS  satellite  from  a  single-difference 
measurement  with  respect  to  a  second  satellite.  The 
second  differencing  operation  eliminates  user  clock 
errors  from  the  measurement  equation  and,  thus. 


provides  two  useful  features:  (1)  Cycle  slips  and  other 
mismodeling  errors  can  be  detected  as  being  inconsistent 
with  vehicle  dynamics  (by  using  a  double-difference- 
measurement-residual  test  statistic);  and  (2)  the 
sensitivity  of  the  double-difference  measurement  to  user- 
clock  time  error  can  be  set  exactly  equal  to  zero,  thus 
eliminating  a  potential  round-off  error  in  the  filter 
update  equations. 

However,  if  the  GPS  satellite-to-satellite  differences  are 
always  taken,  the  estimator  is  prevented  from  using  the 
measurements  to  estimate  user-clock  frequency  errors, 
and  thereby  is  inhibited  from  achieving  the  best 
performance  in  time  transfer  and,  to  a  lesser  degree,  in 
navigation.  If  double-difference  measurements  are 
employed,  the  missing  information  can  be  supplied  as 
average  difference  measurements,  i.e.,  the  average  of  two 
single-difference  measurements  with  respect  to  the  two 
satellites.  The  filter-model  noise  levels  associated  with 
the  double-difference  and  average-difference  AP 
measurements  would  be  the  same,  unless  correlations 
between  GPS  satellite  errors  are  to  be  modeled. 

Introducing  double-difference  (and  average-difference) 
AP  measurements  raises  a  problem  in  that  these 
transformed  measurements  include  common  source 
measurements  (e.g.,  with  a  measurement  with  respect  to 
one  satellite  being  subtracted  from  all  of  the 
measurements  with  respect  to  the  other  satellites),  and 
are  therefore  correlated.  Taking  this  correlation  into 
account  requires  either  a  vector  measurement  update  or  a 
further  transformation  of  variables  to  diagonalize  the 
measurement  noise  matrix.  Alternatively,  single¬ 
difference  measurements  can  be  employed  as  scalar 
updates,  and  double  differences  can  be  used  in  a  separate 
residual  monitoring  operation  to  detect  cycle  slips  and 
other  mismodeling  errors.  In  general,  residual 
monitoring  should  employ  flexible  measurement 
transformations,  adjusted  for  best  sensitivities  to  likely 
errors. 


GPS  MEASUREMENT  MODELING 

The  successful  operation  of  the  estimation  filter  that  is 
used  in  the  navigation  and  time-transfer  process  requires 
an  adequately  faithfld  modeling  of  the  measurement 
processes.  These  processes  are  described  functionally  by 
Eqs.  (1-6).  Mismodeling  errors  can  cause  the  filter  to 
perform  poorly  or  to  give  completely  erroneous  results. 

The  range  terms  jruvi.sil  in  Eqs  (1-2)  are  nonlinear 
functions  of  the  coordinates  of  UVl  and  UV2.  Errors  in 
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linearization  are  important  considerations.  In  a  batch 
filtering  process,  iteration  can  be  used  to  optimize  the 
solution  with  full  consideration  of  the  nonlinearities. 
However,  the  extended  Kalman  filter  depends  upon 
linearized  models  which  are  based  only  on  estimates  of 
derivatives  at  current  epochs.  This  issue  is  discussed 
further  in  the  GPS  Kinematic  Solutions  section  below. 

The  measurement  error  terms  8uvi,si  inEqs.  (1-2)  are 
transformed  by  Eqs.  (3-6)  into  average  and  differential 
errors.  Adequate  modeling  of  these  errors  is  very 
important. 

The  errors  in  average  PR  measurements  are  composed  of 
ffont-end  noise,  multipath  errors,  electromagnetic 
propagation  errors,  satellite  ephemeris  errors,  and 
satellite  clock  errors.  Only  the  first  of  these  is  truly 
independent  random  (white)  noise;  the  second  could  be 
considered  as  approximately  white,  although  there  is 
significant  time  correlation.  The  other  errors  are  slowly 
varying,  and  cannot  be  well  modeled  as  being  white. 
Moreover  they  may  have  larger  variances  than  the  white 
error  components.  In  conventional  GPS  navigation 
filters,  PR  measurement  errors  are  modeled  as  being 
completely  white.  This  approximation  can  lead  to  quite 
nonsensical  behavior.  A  better  choice  would  be  to 
include  Markov  processes  as  average  PR  measurement 
error  components.  As  the  capabilities  of  processors 
improves,  the  added  complexity  associated  with  these 
models  will  not  be  seen  as  an  unreasonable  burden. 

The  average  AP  measurements  contain  the  same 
functional  error  sources  as  average  PR  measurements; 
however,  for  AP  measurements,  the  fi^ont-end-noise  and 
the  multipath-error  components  are  veiy  small  and  the 
ionospheric  phase  error  is  opposite  in  sign  to  the  group 
delay.  Here  it  would  be  completely  erroneous  to  assume 
that  the  measurement  noise  is  just  a  small  white 
component.  The  large  slowly-varying  component  MUST 
be  modeled  separately.  These  components  can  be 
absorbed  into  the  average  AP  cycle-count-ambiguity 
models.  The  simplest  procedure  is  to  model  these 
ambiguities  as  random-walk  processes  with  sufiiciently 
large  noise  powers  to  represent  the  slowly  varying 
measurement  errors.  First-order  Markov  processes  may 
offer  further  significant  improvements  in  performance. 

Differential  measurement  processes  have  the  same  error 
sources  as  the  average  measurement  processes,  except 
that  only  a  fraction  of  the  GPS  satellite  and 
electromagnetic  propagation  errors  appear.  The  size  of 
the  fractional  multiplier  depends  upon  the  separation 
distance  between  the  UVs.  Hence,  if  the  separation 


distances  vary  widely  over  the  course  of  the  mission,  the 
noise  models  MUST  be  made  to  adapt  accordingly.  For 
small  separation  distances,  where  only  multipath  and 
ffont-end  noise  are  significant,  the  measurement  errors 
may  be  represented  by  the  white-noise  term  alone.  In 
this  case,  the  AP  differential  cycle-count  ambiguities  may 
be  considered  to  be  constants,  and  the  random-walk  noise 
powers  can  be  set  equal  to  zero.  Further  performance 
improvements  then  can  be  achieved  by  determining  the 
exact  integer  values  for  some  or  all  of  the  differential 
cycle-count  ambiguities,  or  of  corresponding  double¬ 
difference  cycle-count  ambiguities  [Greenspan,  1982; 
Brown,  1983;  Remondi,  1984;  Loomis,  1989;  Hwang, 
1991;  Satz,  1991;  Remondi,  1992]. 

As  new  satellites  appear  and  new  measurement  processes 
begin,  the  states  and  covariances  associated  with  the 
measurement  models  must  be  initialized.  The 
initializations  should  be  established  on  the  basis  of  the 
existing  states  and  covariances. 

GPS  KINEMATIC  SOLUTIONS 

The  UV  positions  in  an  arbitrary  trajectory  can  be 
determined  on  the  basis  of  AP  data  alone,  as  long  as 
cycle-count  information  is  not  lost.  This  is  known  as  the 
kinematic  solution.  The  kinematic  solution  yields  a 
much  higher  accuracy  in  relative  estimation  than  a 
solution  based  on  pseudorange  measurements  and  an 
orbital  dynamics  model. 

The  simplest  approach  to  the  kinematic  navigation 
solution  is  to  write  the  double-difference  measurement 
equations  for  each  vehicle  and  to  find  the  solutions  for 
the  UV  positions  at  all  epochs  such  that  tlie  sum  of  the 
squares  of  the  residuals  is  minimized.  Solutions  can  be 
obtained  if  AP  measurements  are  available  fi*om  at  least 
5  GPS  satellites.  It  can  be  shown,  for  example,  that  there 
is  a  complete  solution  if  there  are  seven  GPS  satellites  in 
a  nonsingular  geometry  and  if  AP  measurements  from 
two  epochs  are  incorporated.  [Michalson,  1995].  This 
solution  can  be  conceptualized  by  considering  AP 
measurements  to  four  satellites  as  being  used  to 
propagate  the  UV  orbital  positions  so  that  the  UV  can 
just  as  well  be  considered  to  be  stationary,  and  by 
considering  the  AP  measurements  to  the  remaining  three 
satellites  as  being  used  to  determine  the  location  of  a 
stationary  UV  by  observing  the  change  in  range  from 
three  different  perspectives  over  the  observation  interval. 
Over  a  10-second  interval  between  epochs,  the  geometry 
change  is  so  small  that  the  equations  are  very  poorly 
conditioned  and,  equivalently,  the  PDOP  for  this  method 
is  very  high.  Accuracies  can  be  improved  and  time 
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transfer  can  be  included,  by  incorporating  more  data  and 
by  making  the  model  more  complex;  but  then  the 
required  calculations  become  extremely  complex.  We 
would  like  to  employ  a  Kalman  filter,  instead  of  a  batch 
least-squares  formulation,  in  order  to  allow  large 
amounts  of  data  and  complex  models  to  be  utilized. 

One  approach  to  using  a  Kalman  filter  to  obtain  a 
kinematic  navigation  solution  is  to  use  all  available  ddAP 
measurements  as  Kalman  updates  at  each  epoch,  and  to 
use  the  changes  in  all  these  measurements  for  state 
propagation  between  epochs  [van  Graas,  1995].  This 
approach  has  been  shown  to  produce  a  useful  difierential 
navigation  solution  when  there  are  at  least  seven 
satellites  in  view.  However,  the  approach  is  decidedly 
non-optimum,  as  can  be  seen  by  noting  that  the  process 
noise  is  correlated  in  time  and  with  the  measurement 
noise.  Moreover,  when  there  are  only  four  satellites  in 
view,  this  filter  would  indicate  a  falling  covariance; 
whereas,  tlie  best  that  can  actually  be  done  under  these 
circumstances  is  to  propagate  the  trajectory.  This 
problem  could  be  solved  by  using  AP  measurements  to 
only  four  satellites  for  trajectory  propagation,  and  to  use 
only  AP  measurements  to  the  remaining  satellites  for 
measurement  updates.  However,  there  would  remain  the 
problem  of  how  to  partition  the  measurements  for  best 
results  when  there  are  more  than  4  satellites. 

Another  Kalman  filter  approach,  which  would  seem  to  be 
optimum,  is  to  use  all  the  AP  measurements  as  Kalman 
updates,  and  to  use  for  propagation  a  random-walk  model 
with  extremely  large  incremental  noise.  This  model  fits 
the  Kalman  mold  and  accurately  reflects  the  assumptions 
used  in  obtaining  the  simple  batch-least-squares  solution. 
We  have  confirmed  that  this  Kalman  model  does  in  fact 
yield  the  correct  deterministic  differential  navigation 
solution  with  AP  measurements  made  to  seven  satellites 
at  two  epochs.  However,  there  is  a  major  impediment  to 
obtaining  this  solution,  namely,  the  problem  of  finding 
the  appropriate  coefficients  for  the  linear  difference 
equations  which  are  used  in  the  Kalman  filter  model. 
Since  the  solution  depends  upon  past  as  well  as  present 
data,  past  linearization  errors  affect  present  results. 
Moreover,  for  short  intervals  between  epochs  the 
equations  are  extremely  poorly  conditioned,  with  the 
result  that  minute  linearization  errors  produce  large 
navigation  errors.  Using  a  simple  extended  Kalman  filter 
produces  divergent  solutions  to  this  problem.  We  have 
found  that,  by  iterating  the  filter  backwards  and  forwards 
several  times,  the  correct  solution  can  be  obtained  in  the 
limit.  However,  this  approach  is  computationally 
burdensome  and  convergence  is  difficult  to  guarantee 
under  operational  conditions. 


We  have  found  that  there  are  two  keys  to  solving  the 
problem  of  linearization  errors:  (1)  initializing  the 
estimation  errors  at  small  values,  and  (2)  improving  the 
observability  of  the  states.  (Using  a  second-order 
estimator  is  also  likely  to  help  [Satz,  1991]).  First, 
utilizing  PR  measurements,  in  addition  to  AP 
measurements,  quickly  reduces  navigation  errors  to 
nominal  values  and  sets  the  stage  for  flirther  reductions 
due  to  AP  measurements.  Secondly,  incorporating  an 
accurate  orbit  propagation  model  (and/or  an  inertial 
navigation  system  propagation  model  in  other 
applications)  significantly  increases  the  observability  of 
the  states  to  the  AP  measurements.  These  two 
augmentations  of  the  Kalman  kinematic  model  reduce 
the  effects  of  the  measurement-model  linearization  errors 
to  near  negligible  values.  The  result  is  an  optimum  filter 
incorporating  all  the  available  kinematic  information. 

Other  mismodeling  errors  also  can  be  important.  For 
example,  if  the  differential-cycle-count  ambiguities  are 
modeled  as  constants,  and  if  differential  satellite  and 
electromagnetic  propagation  errors  are  not  separately 
modeled,  variations  in  such  errors  over  the  course  of  the 
trajectory  can  be  completely  inconsistent  with  the  model. 
In  such  cases  the  Kalman  estimator  is  unable  to  avail 
itself  of  the  information  in  the  AP  data  and  the  results  are 
exceedingly  poor.  A  simple  solution  to  this  problem  is  to 
introduce  incremental  noise  into  the  state  propagation 
model  so  that  each  of  the  cycle-count  ambiguities  is 
modeled  as  a  random-walk  processes  with  a  rate  of 
divergence  roughly  comparable  to  the  rate  of  change  of 
the  satellite  and  electromagnetic  propagation  errors  seen 
in  the  modeled  measurement  process  over  the  time 
intervals  of  interest.  The  result  is  that  the  covariance  is 
reduced  more  slowly  by  the  AP  measurements,  but  the 
actual  error  in  estimation  is  reduced.  The  actual 
performance  then  more  closely  approximates  the 
performance  projected  by  the  covariance. 


TIME  TRANSFER 

Once  the  navigation  solution  has  been  obtained,  the  time- 
transfer  solution  can  be  obtained  by  substituting  the  PR 
measurement  value  and  the  location  of  the  UV  into  Eq. 
(1),  and  by  solving  for  the  clock  error  x^v  The  PR 
measurements  provide  solutions  for  both  position  and 
time.  On  the  other  hand,  AP  measurements  do  not  alone 
provide  solutions  for  time,  i.e.,  user  clock  error  is 
unobservable  if  only  AP  measurements  are  utilized 
[Michalson,  1995].  Nonetheless,  the  AP  measurements 
can  be  used  very  effectively  to  reduce  the  navigation 
errors,  thereby  reducing  those  components  of  the  error  in 
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estimation  of  user  clock  error.  For  example,  if  relative 
navigation  error  can  be  reduced  to  0. 1  m  rss  (0.3  ft  rss), 
this  component  of  the  relative  time-transfer  error  will 
have  been  reduced  to  less  than  0.3  ns  rms.  When 
navigation  errors  contribute  negligibly  to  the  time- 
transfer  solution,  the  performance  in  time  transfer  will 
be  governed  by  the  PR  measurement  errors,  including  the 
unobservable  common-mode  biases,  and  the  stochastic 
model  of  the  user  clocks.  For  high-quality  user  clocks, 
the  estimation  process  will  then  entail  long-term 
averaging  of  PR  measurement  noise.  This  process  is  well 
accomplished  in  an  integrated  estimation  filter.  Here  we 
mainly  want  to  point  out  the  value  of  the  AP 
measurements  to  the  time-transfer  process. 


EFFECTS  OF  USER-VEHICLE  SEPARATION 

As  the  separation  distance  between  the  UVs  increases 
from  a  small  value,  the  first-difference  measurements 
(both  AP  and  PR)  incorporate  increasing  fractions  of 
line-of-sight  satellite  ephemeris  errors  and 
electromagnetic  propagation  errors.  Hence,  the  Kalman 
estimator  should  adaptively  adjust  the  rms  values  of 
differential-cycle-count  ambiguity  noise  and 
measurement  noise  in  accordance  with  the  estimated 
separation  distance  (which  can  be  determined 
approximately  on  the  basis  of  PR  measurements  at  a 
single  epoch).  If  this  adjustment  is  not  made, 
performance  can  be  very  poor  under  some  circumstances. 
If  the  adjustment  is  made  appropriately,  good 
performance  will  be  achieved,  and  that  performance  will 
depend  upon  the  separation  distance.  As  expected,  the 
best  performance  will  be  achieved  at  small  separation 
distances,  where  the  differential  measurement  errors  are 
smallest. 

It  is  interesting  to  note  that,  even  if  differential  satellite 
and  propagation  errors  are  negligible,  there  is  a 
dependence  of  relative  navigation  accuracy  on  the 
separation  distance  between  the  UVs.  This  dependence 
arises  because  of  the  fact  that  the  differential  range  term 
in  each  differential  PR  and  differential  AP  measurement 
equation  is  a  function  of  both  absolute  and  differential 
errors  in  position.  This  can  be  illustrated  algebraically 
for  the  example  shown  in  Figure  5. 


Figure  5.  Relative-navigation  measurement  geometry 


For  this  example,  UVl  and  UV2  are  closely  spaced,  the 
vector  from  the  GPS  satellite  SI  to  the  UVs  lies 
approximately  in  the  direction  of  the  x  axis,  and  the 
vector  between  UVl  and  UV2  lies  approximately  in  the 
direction  of  the  y  axis.  In  this  case  the  ranges  rl  and  r2 
from  SI  to  UVl  and  UV2,  respectively,  are 

r,  =|UVi-Si| 

=  [l](xU  +  [|UVi-UV2|/r](yi)  (7) 

r2  =|UV2-S,| 

-[I](x2)  +  I0]y2  (8) 

Hence,  the  differential  range  is 

r2  ~  ri  =  [1](X2  -  xO  +  [IUV2  -  UVi|/2r](y2  -  yO 

+  [|UVi-UV2|/2r](y2  +  yi)  (9) 

From  the  last  tenn  in  Eq.  (9),  tlie  differential  range  is 
seen  to  be  a  weak  function  of  the  average  position  of  the 
two  user  vehicles.  Although  the  amplitude  of  this  term  is 
quite  small,  it  can  be  important.  For  example,  if  the 
distance  between  the  UVs  is  100  km,  the  amplitude  of  the 
term  is 

[|UVi-UV2|/2r] 

=  (100km)/(40,000  km)  -  1/400  (10) 

If,  for  example,  the  average  navigation  error  in  the  y 
direction  is  10  ni  rms,  this  term  will  contribute  an  error 
of  25  mm  rms  in  the  differential  AP  measurement 
equation.  This  is  an  order  of  magnitude  larger  than  the 
measurement  noise.  Hence,  it  can  be  important  to  ensure 
that  absolute  errors  as  well  as  differential  errors  are 
reasonably  well  estimated,  even  in  cases  where 
differential  accuracy  is  the  only  ultimate  concern. 


SIMULATION  RESULTS 

We  provide  here  some  simulation  results  from  an 
integrated  Kalman  navigation  filter  to  illustrate  some  of 
the  conclusions  drawn  in  the  discussion  above.  These 
results  are  not  meant  to  indicate  the  actual  performance 
achievable  in  a  specific  application  with  real  hardware 
and  software.  However,  they  illustrate  important 
phenomena  which  should  be  taken  into  account  in  a 
design  for  a  specific  application. 
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Figure  5 A  shows  two  plots  of  RSS  error  in  absolute 
(average  ofUVI  and  UV2)  position  as  a  function  of  time 
for  the  case  where  only  unmodified  PR  data  are  utilized, 
and  where  the  only  significant  filter-model  errors  are 
white  PR  measurement  noise  of  amplitude  1.5  mrms, 
and  white  acceleration  process  noise  of  amplitude  0.02 
m/s/(10  sec)  rms.  GPS  satellite  ephemeris  and  clock 
errors  were  set  at  zero.  A  second-order  gravity  model 
(including  J2  terms)  was  used  in  the  filter  for  orbit  and 
covariance  propagation.  Estimation  errors  were 
computed  from  the  filter  covariance.  The  plots  are  for 
UV  separations  of  1000  and  1  km.  Only  post-update 
values  are  shown.  The  initial  value  was  1000  mrss. 

The  behavior  is  reasonable,  given  the  assumptions. 

Errors  fall  abruptly  as  a  result  of  the  first  set  of 
measurements,  and  then  fall  gradually  as  the  white 
measurement  errors  are  averaged,  until  a  floor  is 
approached  where  the  increase  in  error  due  to  orbit 
propagation  balances  the  decrease  due  to  measurements. 
The  differences  between  the  results  for  different 
separation  distances  are  due  to  differences  in 
constellations  seen  by  the  two  UVs.  Sudden  shifts  are 
due  to  constellation  changes.  Sample  error  histories  (not 
shown  in  the  figure)  generally  fall  under  the  covariance¬ 
generated  rss  values. 
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Figure  5A.  Absolute  navigation  error 
with  PR  measurements 
for  UV  separations  of  1000  and  1  km 


Figure  5B  shows  the  corresponding  RSS  errors  in 
relative-navigation  (error  in  the  vector  between  UVl  and 
UV2).  Because,  the  errors  of  one  UV  were  essentially 
independent  of  those  of  the  other  UV,  the  relative- 
navigation  error  is  about  40%  bigger  than  the  absolute 
navigation  error. 
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Figure  5B.  RSS  relative  navigation  errors 
with  PR  measurements 
with  UV  separations  of  1000  and  1  km 


Figure  6A  shows  the  absolute-navigation  results  when 
double-difference  AP  (ddAP)  measurements  are 
introduced.  The  ddAP  ambiguities  were  modeled  as 
random-walk  processes  with  very  small  velocity  noise,  1 
pm/(10  sec)  rms.  The  ddAP  measurement  noise  was 
modeled  as  white  with  rms  value  2  mm.  Because  ddAP 
measurements  are  veiy  insensitive  to  absolute  navigation 
error  when  UV  separations  are  small,  there  is  essentially 
no  improvement  due  to  the  ddAP  measurements  under 
these  conditions.  However,  there  is  a  slight  improvement 
at  the  larger  (1000-kni)  separation,  as  shown  by  the 
lowest  curve,  because  of  the  last  term  in  Eq.  (9). 


Figure  6A.  Absolute  navigation  errors 
with  PR  and  ddAP  measurements 
for  UV  separations  of  1000  and  1  km 


Figure  6B  shows  the  relative  navigation  results  with  the 
PR  and  ddAP  measurements.  Here  the  benefits  of  the 
ddAP  measurements  are  evident.  With  a  UV  separation 
of  10  km  or  less,  as  shown  by  the  bottom  curves, 
accuracies  of  2  cm  are  achieved  (under  our  assumption 
that  satellite  ephemeris  errors  have  been  compensated  to 
negligible  values).  Note,  however,  that  the  errors  are 
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larger  at  separation  distances  of  100  and  1000  km,  as 
shown  by  the  upper  two  curves.  This  dependence  of  error 
on  UV  separation  distance  is  not  due  to  decreased 
correlation  of  measurement  errors,  because  only  white 
measurement  noise  was  present  in  this  experiment. 
Rather,  the  dependence  of  relative  navigation  error  on 
separation  distance  is  due  to  the  dependence  of  the  ddAP 
measurement  errors  on  absolute  navigation  errors  in 
accordance  with  the  last  term  in  Eq.  (9).  This  is  a 
fundamental  phenomenon  to  be  considered  when 
designing  a  system  for  the  ultimate  in  performance  with 
large  separation  distances. 


Figure  6B.  Relative  navigation  performance 
with  PR  and  ddAP  measurements 
for  separation  distances  of  1000,  100,  10,  1  km. 


Figure  7A  shows  what  happens  to  absolute  (average  UV) 
navigation  error  when  the  truth  model  is  augmented  to 
include  satellite  ephemeris  errors  as  random  constants  of 
rms  values  3  m  radial,  5  m  along-track,  and  4  m 
cross-track.  Here  the  separation  distance  was  set  at  1 
km.  Three  sample  error  histories  are  shown  in  addition 
to  the  covariance  result.  The  filter  white  PR  noise 
parameter  was  increased  to  7.2  m  rms  to  account  for  the 
increased  PR  measurement  error.  But  the  white-noise 
model  did  not  represent  well  the  actual  PR  measurement 
errors.  The  filter  assumed  that  averaging  would  reduce 
the  effects  of  the  measurement  errors;  but  the  errors 
changed  very  slowly  and  could  not  be  reduced 
significantly  by  averaging.  As  shown  by  the  sample 
histories,  the  actual  errors  were  effectively  reduced  from 
the  initial  value  of  1000  m  after  the  first  update,  but 
further  reductions  projected  by  the  covariance  could  not 
be  produced.  This  example  shows  the  nonsensical  aspect 
of  the  white  pseudorange  noise  model  that  is 
conventionally  used  for  absolute  GPS  navigation 
problems. 
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Figure  7A.  Absolute  navigation  errors 
with  1  km  UV  separation 
with  GPS  satellite  ephemeris  errors 

Figure  7B  shows  the  corresponding  relative-navigation 
errors.  Because  the  separation  distance  is  small,  the 
ddAP  measurements  contain  negligible  amounts  of  the 
satellite  ephemeris  errors;  hence,  the  modeling  of  2-mm 
rms  measurement  noise  is  essentially  correct.  The  three 
sample  histories  show  that  the  covariance  projections  of 
2-cm  rss  error  in  1000  seconds  can  be  met. 
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Figure  7B.  Relative  navigation  error 
with  1-km  SV  separation 
and  7-m  rss  GPS  ephemeris  error 

Figure  8A  shows  absolute  navigation  results  when  the  SV 
separation  is  increased  to  100  km.  The  covariance 
results  are  slightly  better  than  those  in  Figure  7a  for  the 
1-km  separation,  because  the  ddAP  measurements  at 
large  separations  have  some  sensitivity  to  absolute 
navigation  errors.  However,  as  before,  the  sample 
histories  don't  reflect  the  covariance.  There  is  the 
immediate  reduction  in  error  due  to  incorporation  of  the 
first  set  of  pseudorange  measurements,  but  thereafter  the 
gross  mismodeling  of  the  measurement  errors  causes  a 
disagreement  between  the  covariance  and  sample-histoiy 
results. 
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Figure  8A.  Absolute  navigation  errors 
for  a  100-km  SV  separation 
with  7-m  rss  GPS  ephemeris  errors 


Figure  8B  shows  the  corresponding  relative-navigation 
results  for  the  case  where  the  UV  separation  is  100  km 
and  the  GPS  ephemeris  errors  are  7  mrss.  Here  the 
covariance  projects  an  rss  error  of  less  than  0.1  matter 
1000  seconds,  somewhat  worse  than  for  the  1-km 
separation  case.  However,  the  sample  histories  suggest 
an  rss  error  of  almost  1  meter.  This  disappointing 
result  is  due  to  mismodeling,  in  this  case  mismodeling  of 
the  ddAP  measurement  error.  Because  of  the  large  U  V 
separation,  an  appreciable  amount  of  slowly-vaiying 
ephemeris  error  component  corrupts  each  ddAP 
measurement,  making  the  2-mm  white  noise  and  the 
almost-constant  cycle-count  ambiguities  a  very  poor 
model. 
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Figure  8B.  Relative  navigation  errors 
for  100-km  SV  separation 
with  7-m  rss  ephemeris  errors 
and  an  unmodified  ddAP  error  model 


In  an  effort  to  remedy  the  mismodeling  relating  to  Figure 
8B,  the  random-walk  noise  associated  with  the  ddAP 
ambiguity  constants  was  increased  to  1  mm  rms  in  10 
seconds.  As  expected,  this  had  only  a  slight  effect  on  the 
absolute  navigation  errors,  as  shown  in  Figure  9A,  but  a 


ver>^  helpful  effect  on  the  relative  navigation  errors,  as 
shown  in  Figure  9B. 
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Figure  9A.  Absolute  navigation  errors 
with  100-km  SV  separation, 

7-m  rss  GPS  ephemeris  errors, 
and  increased  ambiguity  noise 
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Figure  9B.  Relative  navigation  errors 
with  100-km  SV  separation, 

7-m  rss  GPS  ephemeris  errors, 
and  increased  ambiguity  noise 


As  shown  in  Figure  9B,  the  relative-navigation  error 
indicated  by  the  covariance  falls  only  to  about  0.4  m  rss 
after  1000  seconds,  but  the  sample-histoiy  errors  are 
well  behaved,  stay  below  the  covariance  projection,  and 
are  much  lower  than  those  in  Figure  8B. 

These  results  are  meant  to  provide  insight  into  the  key 
modeling  issues  associated  with  an  integrated  Kalman 
estimator  for  application  to  relative  navigation  for 
orbiting  space  vehicles.  For  a  specific  application,  high- 
fidelity  truth  models  would  be  used,  all  the  available  data 
(PR  and  AP;  average,  differential,  and  individual)  would 
be  incorporated,  and  time-transfer  (as  well  as  navigation) 
performance  would  be  considered. 
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CONCLUSIONS 

General  guidelines  have  been  presented  for  designing  a 
system  for  autonomous  navigation  and  time  transfer  for 
pairs  of  orbiting  space  vehicles.  The  system  utilizes 
GPS  pseudorange  and  accumulated-phase  data  and  yields 
estimates  of  both  absolute  (each  vehicle  alone,  or  the 
average)  and  relative  (one  vehicle  with  respect  to 
another)  variables.  An  integrated  estimation  filter  is 
employed,  thereby  including  consideration  of  vehicle-to- 
vehicle  correlations.  The  estimator  makes  full  use  of  the 
kinematic  information  in  the  accumulated-phase 
measurements,  together  with  the  infonnation  in  the 
pseudorange  measurements  and  the  orbit  propagation 
model.  Achieving  good  performance  requires  that 
special  attention  be  paid  to  modeling  the  measurement 
errors.  The  error  models  and  the  performance  depend 
upon  the  separation  distance  between  the  user  vehicles. 
Absolute  navigation  errors  cause  relative  navigation 
errors,  except  when  the  separation  distance  is  small. 
Simulation  results  have  been  provided  to  illustrate  the 
principal  design  issues. 
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ABSTRACT 

Shuttle  mission  STS-69  was  launched  on  September  7, 
1995,  10:09  CDT,  carrying  the  Wake  Shield  Facility 
(WSF-02).  The  WSF-02  spacecraft  included  a  set  of  pay- 
loads  provided  by  the  Texas  Space  Grant  Consortium, 
known  as  TexasSaL  One  of  the  TexasSat  payloads  was  a 
GPS  TtirboRogue  receiver  loaned  by  the  University  Cor¬ 
poration  for  Atmospheric  Research.  On  September  1 1,  the 
WSF-02  was  unbe^ed  from  the  Endeavour  payload  bay 
using  the  remote  manipulator  system.  The  GPS  receiver 
was  powered  on  prior  to  release  and  the  WSF-02  remained 
in  free-flight  for  three  days  before  being  retrieved  on  Sep¬ 
tember  14.  All  WSF-02  GPS  data,  which  includes  dual 
frequency  pseudcxrange  and  carrier  phase,  were  stored  in 
an  on-board  recorder  fm*  post-flight  analysis,  but  “snap¬ 
shots”  of  data  were  transmitted  for  2-3  minutes  at  intervals 
of  several  hours,  when  permitted  by  the  telemetry  band¬ 
width.  The  GPS  experiment  goals  were  1)  an  evaluation  of 
precision  orbit  determination  in  a  low  altitude  environment 
(400  km)  where  perturbations  due  to  atmospheric  drag  and 
the  Earth’s  gravity  field  are  more  pronounced  than  for 
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higher  altitude  satellites  with  high  precision  orbit  require¬ 
ments,  such  as  TOPEX/POSEIDON;  2)  an  assessment  of 
relative  positioning  using  the  WSF  GPS  receiver  and  the 
Endeavour  Collins  receiver;  and  3)  determination  of  atmo¬ 
spheric  temperature  profiles  using  GPS  signals  passing 
through  the  atmosphere.  Analysis  of  snap-shot  telemetry 
data  indicate  that  24  hours  of  continuous  data  were  stored 
on  board,  which  includes  high  rate  (50  Hz)  data  for  atmo¬ 
sphere  ten^)erature  profiles.  Examination  of  the  limited 
number  of  real-time  navigation  solutions  show  that  at  least 
7  GPS  sateUites  were  tracked  simultaneously  and  the  on¬ 
board  clock  corrections  were  at  the  microsec  level,  as 
expected.  Furthermore,  a  dynamical  consistency  test  pro¬ 
vided  a  further  validation  of  the  on-board  navigation  solu¬ 
tions.  Complete  analysis  will  be  conducted  in  post-flight 
using  the  data  recorded  on-board. 

INTRODUCTION 

The  Wake  Shield  Facility  (WSF)  is  a  free-flying  spacecraft 
deployed  from  the  Space  Shuttle  for  the  puipose  of  grow¬ 
ing  thin  semiconductor  films  for  advanced  electronics  in 
an  ultra-vacuum  environment.  The  ultra- vacuum  is  created 
in  low  Earth  orbit  by  a  4  meter  diameter  stainless  steel  disk 
with  a  mass  of  1979  kg  flying  with  its  velocity  vector  per¬ 
pendicular  to  the  disk.  The  vacuum  in  the  disk  wake  is 
expected  to  be  1000-10,000  times  better  than  Earth-based 
laboratories  can  achieve.  The  WSF  is  a  NASA-funded 
University  of  Houston  experiment,  with  Space  Industries 
Incorporated  (SII)  serving  as  the  principal  hardware  devel¬ 
opment  partner. 

Launch  of  WSF  occurred  on  STS-69,  launched  from 
Kennedy  Space  Center  on  September  7, 1995, 10:09  CDT. 
Since  this  was  the  second  flight  of  the  WSF,  it  was  desig¬ 
nated  WSF-02.  Release  of  WSF-02  to  free-flight  was  at 
06:25  CDT  on  September  11.  The  orbit  parameters  for  this 
flight  included  an  altitude  of  about  400  km,  near  zero 
eccentricity  and  inclination  of  28.5  degrees.  The  WSF-02 
was  planned  to  operate  in  free-flight  for  about  48  hours, 
but  operations  were  extended  to  75  hours.  The  satellite 
was  retrieved  at  08:59  CDT  on  September  14  and  Endeav¬ 
our  landed  at  Kennedy  Space  Center  on  September  18  at 
06:38  CDT. 

The  spacecraft  design  and  the  orbit  parameters  make  the 
WSF-02  a  suitable  platform  to  conduct  other  experiments. 
Several  additional  payloads  were  arranged  to  be  WSF-02 
Cooperative  Experiments,  including  those  provided  by  the 
Texas  Space  Grant  Consortium  (TSGC).  The  TSGC  pay- 
loads  were  known  as  TexasSat.  As  one  of  the  TexasSat 
components.  The  University  of  Texas  at  Austin  proposed 
to  fly  a  high  precision  GPS  receiver  oa  WSF-02  for  the 
following  purposes: 


•  examine  the  low  altitude  space  environment  and  the 
effect  of  atmospheric  drag  and  Earth  gravity  on  the 
motion  of  the  WSF  in  free-flyer  mode, 

•  evaluate  GPS  dual-frequency  receiver  performance  in 
a  high  precision  operation  mode  that  does  not  require 
access  to  the  Department  of  Defense  encryption  of  the 
GPS  signals, 

•  assess  ability  to  use  GPS  in  a  relative  satellite  position¬ 
ing  mode  using  the  Shuttle  GPS  receiver  and  the  WSF 
GPS  receiver, 

•  use  the  WSF  GPS  data  to  obtain  atmospheric  tempera¬ 
ture  profiles  from  the  GPS  signals  that  pass  through  the 
atmosphere,  referred  to  as  “occultations"". 

Each  of  the  experiment  goals  will  contribute  information 
to  other  space  flight  programs.  The  assessment  of  low 
Earth  orbit  accuracy  is  important  for  future  satellites  that 
will  require  high  accuracy  orbits.  Although  the  1335  km 
altitude  TOPEX/POSEIDON  (T/P)  has  demonstrated  the 
ability  to  determine  few-centimeter  accuracy  orbits  in 
three-dimensions  [Schutz  et  al.,  1994;  Yunck  et  al.,  1994], 
no  demonstration  in  very  low  Earth  orbit  with  a  high  preci¬ 
sion  GPS  receiver  has  been  conducted  In  addition,  the  rel¬ 
ative  positioning  with  GPS  is  potentially  important  for 
Space  Station  applications.  The  determination  of  atmo¬ 
spheric  profiles  will  augment  and  enhance  the  measure¬ 
ments  now  being  collected  by  the  GPS/MET  program 
[Ware  and  Exner,  1995]. 

In  the  following  sections,  the  GPS  receiver  characteristics 
and  the  operational  constraints  are  described  The  opera¬ 
tion  of  the  GPS  receiver  through  deployment  and  retrieval 
are  given  in  a  later  section,  along  with  the  preliminary 
results  obtained  from  the  in-flight  operation.  Based  on 
these  results,  preliminary  conclusions  are  given  in  the  final 
section. 

WSF-02  GPS  EXPERIMENT  DESCRIPTION 

The  WSF/GPS  experiment  developed  into  a  collaboration 
with  the  University  Corporation  for  Atmospheric  Research 
(UCAR),  which  is  primarily  interested  in  the  GPS  goal 
directed  toward  determining  atmospheric  temperature  pro¬ 
files.  UCAR  has  been  funded  by  the  National  Science 
Foundation  and  others  to  conduct  such  experiments  on  the 
MicroLab  1  satellite,  launched  in  April  1995.  UCAR 
acquired  three  GPS  receivers  based  on  the  JPL/Osbome 
TurboRogue  design.  These  receivers  are  referred  to  as  the 
GPS/MET  version  of  the  TurboRogue.  The  availability  of 
the  GPS/MET  backup  receiver  for  the  WSF  flight  was 
anticipated  well  before  MicroLab  1  launch,  but  the  avail¬ 
ability  was  complicated  by  factors  introduced  by  both 
GPS/MET  and  Shuttle  launch  schedule  considerations. 
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The  GPS/MET  T\irboRogue  receiver  is  a  flight  version  of 
the  commercially  available  geodetic  version.  This  flight 
version  is  now  marketed  by  Allan  Osborne  Associates  as 
the  TbrboStar.  Thermal  and  vibration  tests  of  the  WSF-02 
flight  unit  were  conducted  at  the  Ball  Aerospace  facility  in 
Boulder,  CO.  This  2.3  kg  receiver  uses  17  watts  during 
tracking  and  the  dimensions  are  25x25x10  cm.  The 
receiver  measures  pseudorange  and  carrier  phase  on  both 
LI  and  L2  using  a  cross-correlation  technique  when  the 
GPS  satellites  are  transmitting  in  anti-spoofing  mode.  The 
receiver  can  track  up  to  eight  GPS  satellites  simulta¬ 
neously.  The  receiver  hardware  design,  tracking  integrated 
circuits  and  software  were  developed  at  JPL  for  NASA 
and  flight  software  enhancements  were  implemented  by 
JPL  under  contract  to  UCAR. 

The  GPS  experiment  design  was  influenced  by  the  band¬ 
width  of  the  Wake  Shield  telemetry,  especially  during 
operation  of  the  primary  WSF  experiment  of  gallium  ars¬ 
enide  (GaAs)  film  growth.  During  these  periods,  the  full 
telemetry  bandwidth  (9600  baud)  was  dedicated  to  this 
experiment.  In  addition,  some  GPS  experiment  objectives 
required  high  rate  data  collection,  e.g.,  a  50  Hz  sanq)le 
rate,  which  could  not  be  met  with  the  telemetry  bandwidth 
throughout  the  free-flight  operation.  With  these  consider¬ 
ations,  it  was  apparent  that  all  data  should  be  recorded  on¬ 
board  for  post-flight  analysis.  Nevertheless,  other  require¬ 
ments  for  limited  real-time  data  existed,  such  as  health  sta¬ 
tus  and  to  support  a  NASA  Johnson  Space  Center  (JSC) 
real-time  experiment  organized  by  Heather  Hinkel  and 
Russell  Carpenter,  with  the  participation  of  Astronaut  Jim 
Newman. 

With  the  considerations  for  real-time  and  on-board  storage 
of  all  data  for  post-flight  analysis,  NASA/JSC  designed 
and  constructed  a  solid-state  recorder,  which  was  capable 
of  storing  80  mbytes  of  data.  Recorder  status  information, 
as  well  as  GPS  pseudorange  data  and  navigation  solutions, 
were  forwarded  to  the  Shuttle  and  to  the  ground  operation 
centers  via  the  WSF  telemetry  stream.  Ground  telemetry 
commands  enabled  switching  the  receiver  operation  (and 
hence  the  recorder  operation)  to  reduce  the  number  of 
occultations  recorded,  thus  slowing  the  rate  of  data  collec¬ 
tion.  The  atmospheric  temperature  profile  analysis 
required  the  high  data  rate,  which  was  the  initial  operation 
mode  at  receiver  power  on.  Since  the  recorder  had  limited 
capacity,  a  telemetry  command  was  available  to  reduce  the 
number  of  occultations  recorded,  known  as  “low  data 
rate”. 

The  GPS  antenna  placement  was  a  con^romise  between 
conflicting  requirements.  The  ideal  antenna  orientation  for 
atmospheric  studies  using  the  signal  occultation  is  to  have 


the  ground  plane  perpendicular  to  the  velocity  vector,  but 
facing  in  the  anti-velocity  direction.  This  orientation  was 
achieved  on  MicroLab  1.  On  the  other  hand,  the  preferred 
orientation  for  precision  positioning  studies  has  the 
antenna  facing  the  zenith  direction  to  en^le  viewing  all 
satellites  with  optimum  geometry.  Since  these  directions 
are  orthogonal,  a  compromise  was  necessary.  Additional 
constraints  for  the  antenna  placement  were  imposed  by  the 
Wake  Shield. 

A  side  view  of  the  Wake  Shield  is  shown  in  Fig.  1.  While 
the  ideal  location  for  the  antenna  was  the  epitaxy  housing 
on  the  wake  side,  contamination  concerns  prevented  the 
placement  of  the  antenna  in  this  area.  The  con^romise 
location  for  the  antenna  ground  plane  was  the  outer  rim  on 
the  zenith  side.  An  additional  constraint  imposed  by  WSF- 
02  required  the  ground  plane  to  remain  outside  the  epitaxy 
housing  field  of  view.  As  a  consequence,  the  ground  plane 
was  oriented  26®  with  respect  to  the  zenith,  as  shown  in 
Fig.  1.  In  order  to  accommodate  the  change  in  aerodynam¬ 
ics  imposed  by  the  antenna  ground  plane,  similar  “trim 
tabs”  were  placed  elsewhere  to  provide  balancing  torques. 

The  antenna  placed  on  the  ground  plane  is  a  micro-strip 
antenna  manufactured  by  Ball  Aerospace.  This  antenna  is 
identical  to  the  antenna  used  with  GPS/MET  on  MicroLab 
1.  An  0.5  db  noise  figure  preamplifier  was  acquired  from 
Miteq. 

WSF-02  DEPLOYMENT  AND  RETRIEVAL 

Space  Shuttle  Endeavour  was  oriented  in  a  gravity  gradi¬ 
ent  (GG)  attitude  prior  to  the  WSF-02  deployment  opera¬ 
tions.  The  GG  orientation  was  used  to  eliminate 
contamination  of  WSF-02  by  Endeavour’s  attitude  thrust¬ 
ers.  The  Endeavour  orientation  in  GG  mode  is  shown  in 
Fig.  2,  which  also  illustrates  the  orbiter  velocity  vector 
(V). 

The  WSF-02  was  removed  from  the  cross-bay  carrier 
(unberthed)  using  the  Remote  Manipulator  System  (RMS) 
at  00:51  CDT,  September  11,  1995.  Mission  Specialist 
Newman  maneuvered  Wake  Shield  into  the  “ram  clean 
mode”,  an  orientation  with  the  wake-side  of  WSF-02 
directed  to  the  incoming  wind  (opposite  the  normal  orien¬ 
tation  of  the  satellite).  The  purpose  of  the  ram  clean  orien¬ 
tation  was  to  use  the  relative  wind  to  remove  contaminants 
from  the  wake-side.  In  this  orientation,  the  GPS  antenna 
was  on  the  Earth  side,  an  undesirable  orientation  for  acti¬ 
vation  of  the  GPS  receiver.  The  WSF  was  held  in  this 
mode  for  about  2.5  hours. 

After  completion  of  the  ram  cleaning,  WSF-02  was  moved 
with  the  RMS  under  Mission  Specialist  control  to  the  nor- 
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mal  attitude  orientation  with  the  wake-side  directed  in  the 
anti-velocity  vector  direction  and  die  ram-side  facing  the 
incoming  wind.  The  GPS  antenna  was  on  the  zenith  side 
as  well.  While  attached  to  the  RMS,  the  WSF  atdtude 
determination  and  control  system  (ADACS)  underwent 
checkout  This  checkout  was  conducted  for  about  45  min¬ 
utes.  Fig.  2  shows  WSF-02  in  the  ADACS  checkout  mode 
orientadon.  The  TurboRogue  receiver  was  powered  up 
early  in  the  ADACS  checkout  mode  for  the  reasons  given 
below  at  approximately  03:45  CDT. 

The  WSF-02  was  moved  with  the  RMS  to  the  release  posi¬ 
tion  after  completion  of  the  ADACS  checkout  This  posi¬ 
tion  is  directly  above  the  payload  bay.  Nominal  release  of 


WSF-02  was  within  30  minutes  after  moving  from 
ADACS  checkout  to  the  release  orientadon.  However, 
communication  problems  delayed  the  release  by  one 
orbital  revolution  to  about  06:25  CDT  on  September  11. 

After  release  from  the  RMS,  a  nitrogen  thruster  on  the 
WSF-02  provided  a  small  thrust  of  0.25N  for  ^proxi- 
mately  14  minutes  to  increase  the  separation  between  the 
WSF-02  and  the  Shutde.  In  this  period,  the  Endeavour 
thrusters  ctmtinued  to  be  quiet  to  meet  the  WSF-02  con¬ 
tamination  avoidance  requirement  During  the  thrust 
period  WSF-02  moved  past  the  port  si^  of  the  Shutde  and 
then  above  the  Shutde  nose.  A  second  thrust  period  of 
WSF-02  was  not  conducted.  Instead,  the  separation 
induced  by  the  initial  thrust  produced  a  separation  of  about 
12  km,  where  the  Shutde  maneuvering  system  was  acti¬ 
vated  to  further  increase  the  separation  to  63  km. 


Fig.  1.  Side  View  of  Wake  Shield  Spacecraft  Fig.  2.  WSF-02  in  ADACs  Checkout  Orientation 
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The  WSF-02  had  been  planned  to  operate  in  free-flight  fw 
about  48  hours;  however,  ABACS  excursions  were  experi¬ 
enced  and  steps  were  taken  to  correct  the  system.  These 
steps  reduced  the  time  available  for  the  primary  epitaxial 
film  growth  while  in  firee-flight.  As  a  result,  the  firee-flight 
was  extended  to  about  75  hours. 

After  completion  of  the  primary  experiment,  the  Shuttle 
crew  maneuvered  Endeavour  to  the  vicinity  of  the  WSF- 
02.  The  free-flyer  was  grappled  by  the  RMS  at  08:59  CDT, 
September  14.  WSF-02  remained  on  the  RMS  for  a  few 
hours  before  being  stowed  into  the  payload  bay.  Endeav¬ 
our  landed  at  Kennedy  Space  Center  at  06:38  CDT,  Mon¬ 
day  September  18. 

GPS  RECEIVER  TESTS  AND  OPERATION 

The  solid  state  recorder,  which  used  flash  memory  tech¬ 
nology,  was  designed  to  provide  power  to  the  ThtboRogue 
and  communicate  with  the  receiver  via  the  receiver’s  RS- 
422  interface.  In  turn,  the  recorder  was  attached  to  the 
Wake  Shield  power  distribution  bus  and  communicated 
with  the  WSF-02  telemetry  bus  via  an  RS-485  interface. 
Because  of  the  telemetry  bandwidth  considerations,  the 
available  telemetry  cominands  were  limited  to  the  follow¬ 
ing: 

•  Recorder/receiver  power  on/power  off 

•  Switch  receiver  data  rate  to  low  rate 

•  Activate/deactivate  sn^shot  of  receiver  data 

•  Reformat  disk 

As  data  were  output  from  the  receiver  to  the  recorder,  it 
was  held  in  a  Ixiffer  before  writing  to  the  solid  state  “disk” . 
Under  command,  the  snr^shot  data  were  extracted  firom 
the  buffer  and  sent  to  the  WSF-02  telemetry  bus.  The  data 
contained  in  the  real  tinae  snap-shot  were: 

•  Recorder  tenq)eratures 

•  Disk  sectors  used 

•  Data  rate  (high  or  low) 

•  Time  and  pseudo-range  from  receiver 

•  Time,  receiver  position  (x,y,z)  and  clock  correction 

Various  tests  were  conducted  with  the  receiver  and 
recorder  during  the  year  preceding  the  launch.  A  test  of 
radio  frequency  interference  (RFl)  was  conducted  at  the 
League  City  (TX)  SH  facility  in  December  1994.  No  RFI 
problems  were  detected  while  other  WSF-02  experiments 
were  activated. 

In  March,  1995,  a  test  of  the  WSF-02  TuiboRogue  was 
conducted  at  JSC  using  a  GPS  signal  simulatOT  which  cre¬ 
ated  signals  that  were  consistent  with  an  orbiting  receiver. 


On  April  14, 1995,  as  part  of  final  testing  of  the  receiver/ 
recorder  at  JSC,  a  short  baseline  (2  m)  test  was  conducted 
with  the  WSF-02  TurboRogue  and  a  Collins  MAGR,  simi¬ 
lar  to  the  receiver  used  on  Endeavour.  During  April  18-20, 
1995,  the  TurboRogue  was  integrated  to  WSF-02  at  Han¬ 
gar  A/E,  Cape  Canaveral  Air  Force  Station  (FL).  A 
receiver  test  was  conducted  using  a  Dom-Margolin 
anfftona  located  outside  the  clean  room  containing  WSF- 
02.  The  coaxial  cable  with  the  D-M  was  attached  to  a  “re¬ 
radiating”  antenna,  which  was  placed  about  0.5  m  from  the 
WSF-02  antenna.  The  test  was  conducted  using  the  WSF- 
02  power  and  telemetry  bus.  Although  difficulties  were 
encountered  with  the  RFI  environment  in  the  vicinity  of 
Hangar  A/E,  proper  placement  of  the  D-M  antenna  outside 
the  hangar  to  shield  it  from  the  RFI  sources  resulted  in  a 
successful  preflight  test.  ITie  receiver  was  configured  for 
flight  at  Hangar  A/E  on  May  26  with  software  that  had 
been  tested  in  orbit  on  MicroLab  1.  Data  froni  the  test  was 
left  in  the  recorder,  which  used  3.97%  of  the  capacity. 

The  IXirboRogue  receiver  on  WSF-02  was  activated  prior 
to  release  from  the  RMS  while  in  the  ABACS  checkout 
mode.  The  reasons  for  planned  activation  during  this 
period  were  as  follows: 

•  WSF  would  be  in  normal  attitude  or  near-normal  atti¬ 
tude  (e.g.,  each  axis  within  30°  of  nominal  attitude), 

•  WSF  would  still  he  attached  to  the  RMS,  thus  enabling 
a  short  baseline  calibration  with  the  Shuttle  Collins 
receiver  early  in  the  mission, 

•  WSF/GPS  would  likely  be  locked  on  GPS  satellites 
when  released  from  RMS  to  provide  GPS  data  during 
the  WSF  thrusting  period. 

Experience  with  the  similar  GPS  receiver  on  MicroLab  1 
and  signal  simulations  performed  at  NASA/JSC  showed 
that  full  GPS  lock-on  could  require  up  to  30  minutes  from 
power  on.  Since  the  last  pre-flight  receiver  test  was  con¬ 
ducted  in  May,  1995,  under  static  operation  at  Kennedy 
Space  Center,  the  receiver  had  no  meaningful  a  priori 
information  at  the  September  1 1  power  on.  The  almanacs 
were  nearly  four  months  old  and  a  reasonable  a  priori 
position  was  not  availtble  to  the  receiver.  At  power  on,  the 
receiver  systematically  searched  GPS  PRN,  C/A  correla¬ 
tion  and  doppler  space  until  sufficient  tracking  data  are 
available  to  determine  the  state  vector.  In  summary,  the 
TurboRogue  searched  for  GPS  satellites  over  all  expected 
doppler  values  until  it  located  CIA  signals.  ITiese  signals 
were  analyzed  using  discrete  Fourier  Transforms  to  enable 
lock  on  the  C/A  code  and  acquire  metric  data. 

RESULTS 

At  this  writing,  only  preliminary  results  are  available 
based  on  the  snap-shot  telemetry  data.  The  full  analysis 
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wiU  be  conducted  with  the  data  recorded  on  the  solid  state 
disk,  which  will  be  available  in  early  October. 

Fig.  3  shows  WSF-02  in  free-flight,  as  seen  by  the  Endeav¬ 
our  crew.  The  illustrated  view  shows  the  ram  side  and  the 
GPS  antenna  ground  plane  is  clearly  visible  as  the  i^otru- 
sion  on  the  “top”  side,  i.e.,  the  side  away  from  the  Earth. 
The  GPS  teceiver/recorder  is  in  the  enclosure  90°  counter¬ 
clockwise  from  the  antenna. 

Several  snap-shots  of  data  were  collected  following 
receiver  turn  on.  These  snap-shots  were  produced  under 
ground  command  and  most  had  durations  of  2-3  min.  TTie 
snap-shots  are  summarized  in  Table  1,  which  also  shows 
the  telemetered  solid  state  disk  use.  Examination  of  the 
first  four  snap-shots  shows  that  up  to  seven  GPS  satellites 
were  tracked  simultaneously  during  the  snap-shot  periods. 
The  receiver-computed  navigation  solution,  included  in 
the  telemetry,  shows  that  the  receiver  clock  was  steered  to 
GPS  time  since  the  computed  clock  correction  was  gener¬ 
ally  a  few  microseconds. 

As  evident  from  Table  1,  the  recorder  accumulated  data 
from  the  TurboRogue  during  several  flight  regimes.  First, 
about  2.5  hours  of  data  were  collected  with  the  WSF-02 
attached  to  Endeavour  with  the  RMS.  Second,  data  was 
collected  during  the  WSF-02  thrust  period.  And  third, 
approximately  20  hours,  of  free-flight  data  were  acquired. 
In  addition,  the  Collins  GPS  receiver  on  ^ideavour 
acquired  data  throughout  the  TurboRogue  period,  so  vari¬ 
ous  studies  of  relative  positioning  from  GPS  can  be  per¬ 
formed.  The  reason  for  the  apparent  premature  trac^g 
termination  after  24  hours  will  be  determined  in  the  post¬ 
flight  review  of  the  recorded  data  and  the  hardware  state. 


Fig.  3.  Endeavour  View  of  WSF-02  Ram  Side 


TABLE  1.  Summary  of  GPS  Snap-Shots  and  Events 


Time  Event 
September  11, 1995 


Disk  Use 
(%) 


03:48  CDT  Receiver/recorder  power  on* 

06:00  CDT  Snap-shot  1 

06:25  CDT  WSF-02  release  to  free-flight 

06:27  CDT  WSF-02  thrust  start 

06:41  CDT  WSF-02  thrust  stop 

10:48  CDT  Sniqi-shot  2 

15:00  CDT  Sn2q[>-shot  3 

18:05  CDT  Snap-shot  4 

21 :22  CDT  Snap-shot  5 


3.97 

Not  avail. 


12.49 

24.31 

25.25 

26.22 


September  12, 1995 


03:05  CDT  Snap-shot  6  27.58 

[AU  subsequent  sn^shots  show  27.58%  used] 


The  rate  of  data  accumulation  in  the  solid  state  recorder 
through  Snap-shot  3  shown  in  Table  1  is  consistent  with 
the  expected  occultation  rate  (50  Hz).  However,  the  disk 
accumulation  rate  after  Snap-shot  3  suggests  that  fewer 
occultations  were  being  recorded.  The  occultation  algo¬ 
rithm  used  in  the  receiver  has  been  thoroughly  tested  on 
MicroLab,  but  the  algorithm  does  rely  on  expected  space¬ 
craft  attitude.  No  real-time  attitude  information  was  pro¬ 
vided  to  the  receiver.  The  reason  for  the  apparent  change 
in  occultation  scheduling  will  be  investigated  further  in 
post-flight  analysis. 

An  initial  assessment  of  the  data  acquired  in  the  snap¬ 
shots  was  conducted  by  evaluating  the  dynamical  consis¬ 
tency  of  the  (x.y,z)  position  solutions.  In  this  test,  a  sam¬ 
pling  of  (x,y,z)  from  the  free-flight  snap-shots  2,  3  and  4 
were  used  as  “observations”  for  a  dynamical  orbit  determi¬ 
nation.  In  other  words,  the  WSF-02  orbit  was  modeled 
with  a  large  gravity  field  (degree  and  order  70  JGM-3), 
atmospheric  drag,  solar  radiation  pressure  and  other  small 
perturbations.  In  one  test,  the  (x,y,z)  “observations”  were 
fit  with  the  University  of  Texas  Orbit  Processor  (UTOPIA) 
over  the  8  hours  of  the  snap-shots  and  the  WSF-02  initial 
state  was  estimated.  The  observation  residuals  had  a  root 
mean  square  (nns)  of  about  60  m.  The  experiment  was 
repeated,  but  a  drag  parameter  was  estimated  also  and  the 
resulting  fit  produced  residuals  with  an  rms  of  20  m.  The 
level  of  the  residuals  is  consistent  with  GPS  Selective 
Availability.  This  test  demonstrated  that  the  navigation 
solutions,  derived  from  the  pseudorange,  give  a  dynami¬ 
cally  consistent  orbit  at  the  expected  level,  thereby  provid- 
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ing  a  strong  indication  that  the  GPS  data  acquired  during 
the  WSF-02  flight  are  valid. 

The  estimated  orbit  parameters  for  WSF-02  from  the 
UTOPIA  processing  were: 

Semimajor  axis  6782  km 

Eccentricity  0.0008 

Inclination  28.45° 

Equatorial  altitude  404  km 


TOPEX/POSEIDON,  Geophys.  Res.  Letters,  Vol  21,  No. 
19, 2179-2182,  September  15, 1994. 

Yunck,  T.,  W.  Bertiger,  S.  Wu,  Y.  Bar-Sever,  E.  Chris¬ 
tensen,  B.  Haines,  S.  Lichten,  R.  Muellerschoen,  Y.  ^^gue, 
and  P.  Wilis,  First  assessment  of  GPS-based  reduced 
dynamic  wbit  determination  on  TOPEX/TOSEIDON, 
Geophys.  Res.  Letters,  Vol.  21,  No.  7,  541-544,  April  1, 
1994. 


CONCLUSIONS 

A  TurboRogue  GPS  receiver  was  carried  on  the  second 
flight  of  the  Wake  Shield  Facility.  The  receiver  success¬ 
fully  operated  for  approximately  24  hours  beginning  at 
03:48  CDT,  September  11, 1995.  Based  on  limited  teleme¬ 
try,  high  quality  measurements  were  made  by  the  receiver 
and  all  objectives  of  the  experiment  are  expected  to  be 
met  Two  anomalies  were  observed:  1)  premature  termina¬ 
tion  of  tracking,  possibly  associated  with  high  tempera¬ 
tures,  and  2)  the  receiver  appeared  to  stop  scheduling 
occultations  after  12  hours.  These  anomalies  will  be 
resolved  with  the  post-flight  return  of  the  flight  hardware 
and  recorded  data. 

The  dual  frequency  pseudorange  and  carrier  phase  mea¬ 
surements  will  be  used  to  compute  and  study  precision 
orbits  for  a  low  altitude  (400  km)  satellite.  The  techniques 
used  for  the  precision  orbit  determination  will  be  based  on 
methodologies  successfully  applied  to  higher  altitude  sat¬ 
ellites,  such  as  TOPEX/POSEIDON.  In  addition,  studies 
will  be  performed  of  relative  positioning  between  the 
WSF-02  and  Endeavour,  using  the  Collins  receiver  on 
Shuttle  and  the  TurboRogue  on  WSF-02. 
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ABSTRACT 


1 .  INTRODUCTION 

The  primary  objective  of  GP-B  is  to  measure  the 
relativistic  drift  of  an  Earth-orbiting  gyroscope  as  predicted 
by  the  General  Theory  of  Relativity  [1].  GPS  will  play 
one  of  the  key  roles  providing  time  tags  for  the 
measurements  and  carrier  phase  tracking  for  precise  orbit 
determination.  A  drag-free  satellite  in  a  polar,  circular 
orbit  at  the  altitude  of  650  km  will  carry  a  GPS  receiver 
and  a  redundant  spare,  which  will  provide  real-time 
navigation  solutions,  real-time  attitude  solutions,  timing 
pulses  and  raw  measurements  for  post-processing.  The 
GPS  receiver  will  be  one  of  the  primary  navigation 
sensors  not  only  for  the  relativity  experiment  but  also  for 
the  clock,  geodesy  and  aeronomy  coexperiments.  It  will 
also  provide  real-time  navigation  solutions  for  closed-loop 
orbit  trim. 


The  Gravity  Probe  B  {GP-B)  program  is  a  relativity 


Geodesy  coexperiment 


Aeronomy  coexperiment 


On-orbit 
attitude 
determination 
using  GPS 


Closed-loop 
orbit  trim 
using  GPS 


Launch  vehicle 
guidance 
using  GPS 


Figure  1  Stanford  Gravity  Probe  B  Relativity  Experiment,  coexperiments  and  spacecraft  operations  using  GPS 
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Geodetic  precession 
A6  =  6.6  arcseconds/year 


Guide  star 


Frame-dragging  precession 

A(|)  =  0.042  arcsecond/year 


Figure  2  Geodetic  and  frame-dragging  precession 
rates  to  be  investigated  by  GP-B 


In  this  paper,  we  will  first  describe  the  mission  and 
requirements  imposed  on  the  GPS  receiver.  We  will  then 
discuss  the  GPS  installation  to  the  GP-B  spacecraft  and 
operational  conditions  including  antenna  coverage  and 
GPS  signal  reception.  We  started  to  design  a  receiver  to 
comply  the  GP-B  requirements  and  operational  conditions 
based  on  the  TENSOR  receiver  developed  by  Space 
Systems/Loral  and  will  discuss  the  design  issues  in  terms 
of  hardware  and  software  development.  Finally,  other 
issues  such  as  radiation  hardness  and  handling  of  single 
even  upsets  (SEU)  are  discussed,  and  conclusions  are 
presented. 

2.  MISSION  AND  GPS  REQUIREMENTS 

The  GP-B  program  is  primarily  designed  to  test  the  theory 
of  General  Relativity,  but  that  is  not  the  only  goal  of  the 
mission.  With  state-of-the-art  instruments  and  stringent 
requirements,  it  expands  the  opportunity  to  perform  the 
geodesy,  clock  and  aeronomy  coexperiments,  and  also  to 
demonstrate  the  real-time  applications  of  GPS  in  space 
such  as  closed-loop  orbit  trim  and  attitude  determination 
on  a  rotating  satellite  [Fig.  1].  In  the  following  sections, 
we  will  describe  the  relativity  experiment  and 
coexperiments,  and  discuss  the  GPS  requirements. 

RELATIVITY  EXPERIMENT 

Four  gyroscopes  carried  on  a  drag-free  satellite  in  a  polar, 
circular  orbit  will  undergo  two  kinds  of  relativistic  drifts 
caused  by  the  Earth’s  gravity:  geodetic  precession  and 
frame-dragging  precession  [Fig.  2].  The  geodetic 
precession  is  caused  by  the  warping  of  space-time  around 
the  Earth  by  the  gravity,  and  the  frame-dragging 
precession  is  caused  by  the  spinning  of  the  Earth’s  body 
dragging  space-time  around  it.  The  direction  of  the 
gyroscope  spin  axis  is  measured  with  respect  to  the 
telescope  axis,  whose  pointing  is  maintained  to  within 
20  milliarcseconds  of  a  guide  star.  The  guide  star  as  seen 
from  the  GP-B  spacecraft  will  serve  as  a  distant  inertial 
reference,  which  is  free  from  the  gravitation  effects  of  the 
solar  system.  The  drift  rate  is  measured  by  a 
superconducting  sensor  called  a  SQUID  (superconducting 


VEL 

TIME 

FREO 

0.3  m/s 

0.1  msec 

le-9 

— 

— 

_ 

Clock^ 

- 

- 

- 

le-8  (sht) 

3e-14(ing) 

— 

0.1  sec 

_ 

Orbit  trim^ 

0.5  m/s 

0.1  msec 

- 

Table  1  GPS  requirements  by  relativity  experiment, 
coexperiments  and  orbit  trim. 

1,2,4  10  second  time  constant  with  post-processing  [2,  3, 

^  T=1  sec  for  short-term  and  x=l  year  for  long-term 

with  post-processing  [5]. 

^  1  day  time  constant  with  real-time  navigation  [6]. 

quantum  interference  device)  magnetometer,  which  has  a 
1/f  noise  characteristic.  In  order  to  increase  the 
signal-to-noise  (S/N)  ratio,  the  satellite  body  is  rotated 
about  the  telescope  axis  at  0.1-1  rpm,  which  results  in 
the  ac  modulation  of  the  signal.  The  GPS  receiver  will 
provide  navigation  solutions  for  calibrating  sensor  scale 
factors  and  provide  time  tags  for  the  measurements.  The 
requirements  on  GPS  are  summarized  in  Table  1.  The 
requirements  imposed  by  the  relativity  experiment  are 
post-processing  numbers  because  the  data  reduction 
scheme  will  process  down-linked  data  on  the  ground.  The 
velocity  requirement  is  particularly  important  because  the 
orbital  aberration  determined  by  the  satellite  velocity  is 
used  to  calibrate  the  SQUID  scale  factor  [7]. 

GEODESY  COEXPERIMENT 

The  TENSOR  receiver  developed  by  Space  Systems/Loral 
is  based  on  the  Trimble  VECTOR  receiver,  which  is 
capable  of  multiplexing  up  to  four  antennas  and  tracking 
LI  carrier  phase  and  differential  phases  among  antennas. 
The  measurement  noise  in  the  carrier  phase  is  about 
2-3  mm  over  a  half  second.  Combined  with  this 
precision  and  the  drag-free  requirement  (<10'*^g)  on  the 
GP-B  spacecraft  at  650  km  altitude,  the  GP-B  program 
will  provide  a  unique  opportunity  to  measure  the  Earth’s 
gravitational  equipotential  surface.  The  objective  of  this 
coexperiment  is  to  improve  the  geopotential  field 
determination  accuracy  by  one  to  two  orders  of  magnitude 
over  degrees  2  to  50,  and  the  requirement  on  GPS 
navigation  accuracy  is  better  than  1  cm  with  respect  to 
the  ground  stations  with  post-processing  [4].  Although 
the  carrier  phase  measurements  of  the  TENSOR  receiver 
have  enough  precision,  the  limiting  factors  on  the 
accuracy  are  the  temperature  dependent  bias  drift,  the  SA 
(selective  availability)  correction  errors  and  the 
ionospheric  delay.  The  GP-B  spacecraft  is  scheduled  to  be 
launched  in  1999,  which  is  close  to  the  next  solar 
maximum  and  the  ionospheric  activity  is  expected  to  be 
high  during  that  period.  We  sought  the  option  to  use  a 
dual  frequency  receiver  during  the  initial  tradeoff  study,  but 
decided  to  use  a  single  frequency  receiver  in  order  to  reduce 
the  scheduling  and  technical  risks  for  the  primary  mission. 
We  have  accumulated  a  considerable  amount  of  experience 
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Figure  3  GP-B  spacecraft  and  GPS  antenna  configuration.  GPS  antenna  directions  are  defined  by  3-2  Euler  angles,  0 
and  (|),  respectively. 


with  this  specific  receiver  architecture  since  Cohen  [8] 
started  his  attitude  determination  study  in  1990,  and  the 
multiplexing  technology  combined  with  the  attitude 
determination  algorithm  best  suited  the  mission  as 
described  in  the  later  section. 

CLOCK  COEXPERIMENT 

GP-B  provides  another  unique  opportunity  to  test 
Einstein’s  equivalence  principle  regarding  the  gravitational 
redshift.  As  the  Earth  orbits  around  the  Sun,  it  moves  in 
and  out  of  the  Sun’s  gravity  potential  because  its  orbit  is 
slightly  elliptic.  A  clock  kept  on  or  near  the  Earth  will 
be  affected  by  the  Sun’s  gravity  as  the  frequency  shifts  by 
as  much  as  3x10"*^  during  a  year  [5].  According  to 
Einstein’s  equivalence  principle,  under  identical 
influences,  different  clocks  must  keep  the  same  time 
independently  of  internal  composition,  which  means  that, 
if  we  have  two  clocks  of  different  types,  both  clocks 
should  be  affected  in  the  same  way  regardless  of  the  type 
and  operating  frequency.  The  GP-B  mission  provides 
access  to  two  types  of  clocks:  an  atomic  clock  through 
GPS  and  a  gyroscope  clock  whose  frequency  is  measured 
by  the  SQUID.  These  two  clocks  are  expected  to  generate 
a  null  gravitational  redshift  test  to  0.01%. 

This  coexperiment  requires  precise  timing  of 
measurements  for  the  gyroscope  spin  speed.  The  required 
accuracy  is  about  le-8  over  1  second  and  3e-14  over  1 
year.  The  short-term  stability  is  provided  by  the 
temperature  compensated  crystal  oscillator  (TCXO)  inside 


the  receiver  and  the  long-term  stability  is  achieved  by 
resolving  the  TCXO  frequency  by  GPS.  In  order  to 
accommodate  the  clock  requirements,  a  hardware 
modification  is  being  planned  for  the  TENSOR  receiver, 
including  a  clock  signal  output  directly  tied  to  the  TCXO. 
The  TCXO  runs  at  16foMHz  (  /q  =  1.023M//z)  and  drives 
the  GPS  signal  tracking  circuits.  Both  the  code  phase  and 
the  carrier  phase  measurements  are  sampled  based  on  this 
16fo  signal,  and  the  sampling  within  the  payload  is  driven 
by  the  same  signal,  which  is  fed  through  a  coax  cable 
from  the  receiver  to  the  payload.  The  code  and  carrier 
phase  measurements  are  down-linked  every  second,  and  the 
timing  of  the  measurements  is  resolved  within  100  nsec 
accuracy  (post-process)  relative  to  the  mission  starting 
time.  The  limiting  factors  are  the  same  as  those  for  the 
geodesy  coexperiment. 

ORBITAL  TRIM  AND  ATTITUDE 

DETERMINATION 

Another  key  role  of  the  GPS  receiver  is  to  assist  the 
autonomous  orbit  trim  as  a  navigation  sensor.  The  GPS 
receiver  will  provide  the  spacecraft  flight  computer  with 
the  real-time  navigation  solutions  whose  accuracy  is 
limited  by  SA.  The  flight  computer  then  filters  the 
solutions  over  several  orbits  to  achieve  the  required 
accuracy  listed  in  Table  1 .  The  TENSOR  receiver  is  also 
capable  of  real-time  attitude  determination  although  it  is 
not  the  primary  attitude  sensor.  The  TENSOR  receiver 
will  be  a  backup  attitude  sensor  to  the  star  sensor,  which 
is  also  a  backup  to  the  telescope  sensor.  The  accuracy 
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(a)  GP-B  orbit  and  GPS  constellation  (b)  Geometric  diagram  for  GPS  visibility  test 

Figure  4  (a)  GP-B  orbit  (polar,  circular  orbit  at  650  km  altitude)  and  GPS  constellation  based  on  almanac  collected  on 

August  16,  1995.  (b)  Geometric  diagram  for  the  GPS  satellite  visibility  test. 


requirement  is  about  O.P  (rms)  over  1  second.  The 
attitude  determination  algorithm  becomes  complicated 
because  of  the  configuration  of  the  GPS  antennas,  which 
is  designed  to  maximize  the  signal  coverage  and  to 
minimize  the  multipath  signals.  The  following  section 
will  describe  the  antenna  installation  and  the  operational 
conditions  of  the  GPS  receiver  for  GP-B. 

3.  GPS  INSTALLATION  AND 
OPERATIONAL  CONDITIONS 

We  conducted  an  initial  tradeoff  study  in  1993  and  selected 
Loral’s  TENSOR  receiver  as  a  baseline  architecture  on 
which  to  build  the  GP-B  receiver.  We  selected  this 
specific  receiver  mainly  because  of  its  radiation  hardness 
and  multiplexing  capability  up  to  four  antennas.  The 
GP-B  spacecraft  will  be  built  by  the  spacecraft 
subcontractor,  Lockheed  Martin  Astronautics,  and  the 
GPS  receiver  will  be  a  customer  furnished  equipment 
{CFE)  built  and  supplied  by  Stanford.  One  unique  aspect 
of  the  GP-B  spacecraft  operation  is  that  it  must  be  failure 
operational,  which  means  a  single  point  failure  must  not 
result  in  the  degradation  of  operational  performance.  For 
this  reason,  we  will  have  a  redundant  GPS  receiver  with  A 
and  B  sides,  each  of  which  is  connected  to  four  preamps 
and  four  GPS  antennas.  This  means  that,  if  a  single  point 
failure  occurs  in  a  receiver  A,  the  redundant  side  B  can  take 
over  the  GPS  operation  without  degrading  the  GPS 
performance. 

After  selecting  the  GPS  receiver,  Lockheed  designed  the 
GPS  antenna  configuration  [9].  Because  of  the  demanding 
requirements  on  the  navigation  accuracy  and  continuous 
operation,  the  antenna  locations  were  selected  in  order  to 
maximize  the  GPS  signal  coverage  and  to  minimize  the 
multipath  signals  mainly  from  the  solar  panels.  Figure  3 


shows  the  proposed  antenna  configuration  for  GP-B.  Each 
GPS  antenna  points  outward  from  the  center  of  the 
spacecraft  so  that  the  entire  sky  with  a  solid  angle  of  47C 
steradian  is  covered  even  with  a  10°  elevation  mask  on 
each  antenna.  The  fore  antennas  1  and  2  are  perpendicular 
to  one  another  and  out  of  phase  by  180°,  and  so  are  the  aft 
antennas  3  and  4.  The  aft  set  is  out  of  phase  by  90°  from 
the  fore  set  so  that  the  four  antennas  form  a  tetrahedron. 

This  configuration  certainly  reduces  the  multipath  and 
maximizes  the  signal  coverage,  but  at  the  same  time, 
complicates  the  GPS  receiver  operation  combined  with  the 
fact  that  the  satellite  is  rotating  about  the  z  axis. 

GPS  VISIBILITY  ANALYSIS 

We  analyzed  the  GPS  satellite  visibility  from  each  GPS 
antenna  installed  on  the  GP-B  spacecraft  in  order  to  plan 
for  the  signal  search  and  tracking  strategy.  Figure  4(a) 
shows  the  GP-B  orbit  and  the  GPS  constellation  based  on 
the  almanac  collected  on  August  16,  1995.  On  this  date, 
there  were  25  healthy  GPS  satellites  including  24  block  II 
satellites  and  the  last  block  I  satellite,  SV12.  In  this 
analysis,  SV12  was  removed  from  the  active  satellite  list 
because  it  may  not  be  operational  during  the  GP-B 
mission.  Figure  4(b)  shows  the  geometric  diagram  that 
we  used  for  the  visibility  test.  The  visibility  is 
determined  by  two  factors:  the  antenna  elevation  mask  and 
Earth  occultation.  We  defined  a  line  of  sight  vector  to 
GPS  SVi  (i=l,...,32),  a  boresight  vector  Uj  for  antenna  j 
(j=l,...,4)  and  a  GP-B  satellite  position  vector  r.  We 
then  defined  the  viewing  angles  as  shown  in  Figure  4(b). 

=arccos(Fp,./|F||p,.|) 

^,y=arccos(p,.-ay|p,.|5^.|) 
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The  threshold  angles  for  the  Earth  occultation  and  for  the 
antenna  mask  are  defined  by 

djf,  =  90°  +  arccos((/?E  +  /«£)/|?l)  =  106.8° 

^,,=9O°-0,=85° 

where  Rg  :  Earth’s  radius 

hg  s  350km  :  occultation  height 

=  5°  :  antenna  elevation  mask 

A  GPS  satellite  i  (i=l,...,32)  is  declared  visible  from  an 
antenna  j  (j=l,...,4)  if  the  following  condition  is  satisfied. 

{e,<e,,)n[(i)y  <<!)„) 

The  occultation  height  hg  is  set  to  the  ionosphere  shell 
altitude  [10]  in  order  to  minimize  the  ionospheric  delay 
and  the  atmospheric  refraction.  It  also  satisfies  the 
condition  for  avoiding  the  multipath  from  the  Earth’s 
surface  [11]. 

We  ran  a  simulation  for  a  one-day  period  and  the  results 
are  shown  in  Figures  5  and  6.  The  total  number  of 
visible  satellites  averages  to  about  12,  and  the  minimum 
is  10,  which  is  more  than  the  number  of  channels  (9) 
implemented  in  the  TENSOR  receiver.  This  seems  to  be 
an  ideal  situation  with  plenty  of  satellites  to  track,  but 
Figure  6  reveals  a  problem.  It  shows  the  number  of 
visible  satellites  from  each  antenna,  which  is  modulated  at 
two  frequencies:  the  orbital  frequency  (97  min  period 
shown  in  Figure  6(a))  and  the  roll  frequency  (3  min 
period  shown  in  Figure  6(b)). 

The  orbital  modulation  is  caused  by  the  fact  that  the  GP-B 
spacecraft  is  inertially  pointing  at  the  guide  star.  The  fore 
antennas  1  and  2  see  most  of  the  GPS  satellites  during 
half  an  orbit  when  the  satellite  is  in  front  of  the  Earth,  and 
the  aft  antennas  3  and  4  are  blocked  by  the  Earth’s  body. 
The  situation  reverses  when  the  satellite  moves  behind  the 
Earth  where  the  aft  antennas  have  most  of  the  visibility. 
This  is  why  the  two  plots  in  Figure  6(a)  are  out  of  phase 
by  180°. 

The  roll  modulation  shown  in  Figure  6(b)  is  caused  by 
the  satellite’s  rotation  about  the  telescope  axis.  As 
discussed  in  Section  2,  the  GP-B  spacecraft  is  rotated  in 
order  to  ac-modulate  the  SQUID  signal,  and  the  number  of 
visible  satellites  is  modulated  at  the  roll  frequency  as  a 
result.  Also,  the  fore  antennas  1  and  2  are  out  of  phase  by 
180°  and  so  are  the  aft  antennas  3  and  4.  The  fore  set  and 
the  aft  set  are  out  of  phase  by  90°  because  of  the  antenna 
configuration  shown  in  Figure  3. 

Since  the  total  number  of  visible  satellites  is  more  than 
that  of  the  receiver  channels,  we  should  be  able  to  track  as 
many  satellites  as  9  even  from  the  inertially  pointing, 
rotating  GP-B  spacecraft  if  we  plan  the  tracking  strategy 
right.  This  task  can  be  accomplished  by  modifying  the 
software  to  accommodate  the  antenna  configuration  in  the 


Figure  5  Total  number  of  visible  GPS  satellites  from 
GP-B  spacecraft. 


(a)  Number  of  visible  GPS  satellites  from  fore  and  aft 
antennas  over  6  hours. 


(b)  Number  of  visible  GPS  satellites  from  each 
antenna  over  10  minutes. 

Figure  6  Number  of  GPS  satellite  visible  from  each 
GPS  antenna  installed  on  GP-B  spacecraft. 
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search  and  tracking  algorithm,  which  we  will  discuss  in 
Section  4. 

GPS  ATTITUDE  DETERMINATION 

Another  interesting  question  is  whether  the  attitude 
determination  is  possible  with  this  antenna  configuration. 
Cohen  et  al.  [12]  developed  the  attitude  determination 
algorithm  for  four  antennas  with  a  common  view  using 
the  multiplexing  technique.  The  VECTOR  software 
supports  attitude  determination  if  4  antennas  have  a 
common  view,  and  the  TENSOR  software  works  with  3 
or  4  antennas  with  a  common  view.  For  the  GP-B  case,  3 
antennas  have  a  common  view  for  only  10%  of  the  time, 
and  4  antennas  never  have  a  common  view  as  shown  in 
Figure  7(a).  Figure  7(b)  shows  the  maximum  number  of 
differential  phase  measurements,  which  was  calculated 
from  the  visibility  test  and  not  limited  by  the  number  of 
channels  or  the  tracking  strategy  of  the  receiver.  It 
averages  to  about  10  measurements  with  minimum  of  5 
and  maximum  of  15.  Our  experience  with  the  VECTOR 
receiver  on  terrestrial  vehicles  (model  airplanes,  land 
vehicles,  etc.)  shows  that  the  motion-based  integer 
resolution  works  well  with  12  or  more  measurements  and 
the  attitude  algorithm  works  with  9  or  more  once  the 
integers  are  resolved.  Figure  7(b)  shows  a  marginal 
number  of  measurements  compared  with  our  experience, 
but  it  is  theoretically  sufficient  (more  than  3)  and  the 
attitude  determination  performance  can  be  affected  by  other 
factors  such  as  baseline  length,  vehicle  dynamics, 
observability  and  line  bias  calibration. 

The  baseline  length  between  two  fore  antennas  or  two  aft 
antennas  is  2.38  m,  and  that  between  a  fore  antenna  and 
an  aft  antenna  is  4.72  m.  These  baselines  are  relatively 
long  for  spacecraft  installation  and  should  improve  the 
accuracy.  The  vehicle  dynamics  is  also  very  slow  and 
predictable  with  20  marcsec  pointing  accuracy,  which 
makes  Kalman  filtering  an  ideal  tool  to  process  sparse  data 
sequentially.  Another  important  factor  is  the 
observability.  Although  the  number  of  measurements  is 
sufficient,  they  may  not  span  the  entire  state  space.  The 
observability  issue  can  be  addressed  in  terms  of  ADOP 
(attitude  dilution  of  precision)  or  eigen  vectors  of  a 
measurement  matrix  obtained  by  SVD  (singular  value 
decomposition). 

The  last  and  possibly  the  most  complicated  factor  is  the 
line  bias,  which  can  be  affected  by  temperature  variation, 
aging,  EMI,  antenna  phase  pattern,  etc.  The  line  bias  can 
affect  the  attitude  accuracy  significantly  unless  the  double 
differencing  technique  is  employed.  The  calibration  is 
usually  conducted  on  the  ground  with  flight  antennas  and 
cables  installed  on  a  truss  with  the  equivalent  dimensions, 
unfortunately,  though,  the  grounding  and  temperature 
conditions  are  quite  different  in  space.  The  accuracy  of 
pre-flight  calibration  is  limited  by  how  accurately  the 
truss  is  built,  by  the  temperature  dependency  and  also  by 
the  antenna  grounding,  which  affects  the  phase  pattern  by 
as  much  as  2~4  mm.  These  factors  lead  to  a  suggestion 


Number  of  antennas 


(a)  Histogram:  number  of  antennas  with  a  common 
view  to  a  GPS  satellite. 


Time  (hours) 


( b )  Maximum  number  of  differential  phase 

measurements  available  to  the  GP-B  receiver. 

Figure  7  Differential  phase  availability  analysis  for 
GPS  attitude  determination  of  the  GP-B 
spacecraft. 

of  in-flight  calibration  for  GP-B.  We  know  the  spacecraft 
attitude  to  20  marcsec  accuracy  from  the  telescope  and  the 
star  blipper,  and  the  differential  phase  measurements  are 
down-linked  every  second  together  with  the  carrier  phase 
measurements.  From  this  flight  data,  we  should  be  able 
to  estimate  the  line  biases  and  the  antenna  phase  patterns. 
We  will  not  investigate  the  in-flight  calibration  any 
further  in  this  paper. 

Although  required  only  for  the  backup  mode,  the  GPS 
attitude  determination  of  the  GP-B  spacecraft  is  possible 
considering  three  techniques:  attitude  filtering,  in-flight 
calibration,  and  antenna/channel  optimization  {ACO) 
algorithm,  which  we  will  explain  in  the  following 
section. 

4,  RECEIVER  DESIGN 

We  selected  Loral’s  TENSOR  receiver  as  the  baseline 
architecture  for  GP-B  for  its  radiation  hardness,  antenna 
multiplexing  capability  and  microprocessor.  We  plan  to 
modify  the  TENSOR  software  and  hardware  in  order  to 
handle  the  visibility  problem  and  the  timing  requirements 
presented  in  the  previous  sections.  We  will  describe  the 
baseline  architecture  first  and  then  discuss  the 
software/hardware  modifications. 
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Figure  8  Multiplexing  receiver  architecture. 


BASE  ARCHITECTURE 

Figure  8  shows  the  general  architecture  of  the 
TENSOR/VECTOR  receivers.  The  TENSOR  and 
VECTOR  receivers  share  the  same  basic  architecture  with 
6  channels  for  VECTOR  and  9  channels  for  TENSOR. 
The  architecture  can  be  divided  into  two  parts  according  to 
the  signal  frequency  being  handled:  the  hardware  section 
handles  a  signal  from  1.5  GHz  to  1  kHz  and  the  software 
section  from  1  kHz  to  dc.  Four  antennas  are  multiplexed 
sharing  a  single  RF  path  to  the  correlator  channels,  whose 
outputs  are  then  passed  to  the  tracking  loop  or  differential 
phase  filters  depending  on  whether  the  current  antenna  is 
master  or  slave,  respectively.  The  antenna  and  filter 
switching  is  synchronized  by  a  software  trigger.  The 
navigation  algorithm  then  collects  master  antenna 
measurements  for  PVT  (position,  velocity  and  tinie) 
solutions,  and  the  attitude  algorithm  uses  differential 
phase  measurements  from  slave  antennas  for  attitude 
determination.  The  output  directly  connected  to  the 
TCXO  is  not  supported  by  the  regular  TENSOR,  but  is 
part  of  the  Stanford  modifieation. 

SOFTWARE  MODIFICATION 

Our  motivation  for  the  software  modification  is  to 
maintain  continuous  tracking  of  the  GPS  signals  even  on 
a  rotating  spacecraft  and  to  optimize  the  search/tracking 
algorithm,  i.e.,  to  maximize  the  use  of  9  eorrelator 
channels  minimizing  GDOP,  POOP  or  ADOP,  etc.  at  the 
same  time.  The  current  version  of  software  for  VECTOR 
or  TENSOR  does  not  support  the  GP-B  antenna 
configuration  where  four  antennas  are  installed  on  a 
rotating  spacecraft  and  are  pointing  perpendicular  to  each 
other.  We  will  first  describe  what  is  supported  by  the 
current  software  and  then  describe  the  modification  plan. 

The  filter  selection  for  each  channel  and  the  antenna 
switching  are  synchronized  by  the  software  trigger.  The 
master  antenna  is  selectable  by  a  user  command,  and  as  a 


default  configuration,  all  channels  share  a  common 
master,  which  means  that  visible  GPS  signals  are  tracked 
on  a  single  antenna  leaving  the  other  three  antennas  for 
differential  phase  measurements.  This  configuration  does 
not  work  well  for  GP-B  mainly  because  the  number  of 
visible  satellites  from  each  antenna  varies  from  1  up  to  10 
satellites  according  to  the  orbital  motion  and  the  satellite 
roll  as  shown  in  Figure  6.  With  this  configuration,  we 
may  have  to  switch  the  master  antenna  every  1.5  minutes 
(half  the  roll  period)  just  to  maintain  4  or  more  visible 
satellites.  Another  configuration  supported  by  the  current 
software  is  a  roving  master  antenna  configuration,  which 
assigns  an  antenna  with  the  strongest  signal-to-noise  ratio 
as  a  master  to  the  tracking  loop  filter.  This  configuration 
allows  each  channel  to  have  a  different  antenna  as  a  master 
and  works  well  when  each  antenna  operates  under  different 
conditions.  A  good  example  is  the  RADCAL  satellite 
[13]  where  four  antennas  were  installed  pointing  17.5°  off 
the  zenith  to  avoid  the  multipath  signals  from  a  gravity 
gradient  boom.  In  this  case,  each  antenna  can  have  a 
different  signal  level  depending  on  the  gain  pattern  and  the 
line-of-sight  (LOS)  vector,  and  it  makes  a  good  sense  to 
have  the  strongest  signal  as  a  reference.  This 
configuration  may  work  for  GP-B,  but  the  higher  level 
code,  which  assigns  a  PRN  code  to  each  channel,  still 
assumes  that  all  antennas  are  pointing  in  the  zenith 
direction,  and  this  will  limit  the  efficient  use  of  all 
channels. 

In  order  to  utilize  all  9  channels  in  the  most  efficient  way 
for  GP-B,  we  have  introduced  the  antenna/channel 
optimization  (AGO)  algorithm,  which  incorporates  the 
knowledge  of  the  spacecraft  position/attitude,  the  antenna 
configuration  and  the  GPS  almanac  to  the  selection  of  a 
master  antenna  per  channel.  Figure  9  shows  the  general 
concept  of  the  AGO  algorithm.  Among  four  inputs  to 
AGO,  the  antenna  configuration  is  stored  in  the  receiver 
ROM,  and  the  other  inputs,  the  spacecraft 
position/attitude  and  the  GPS  almanac,  can  be  fed  either 
from  the  spacecraft  command  and  telemetry  unit  (CTU)  or 
from  the  receiver  solutions.  The  GTU  inputs  can  be 
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Figure  9  Antenna/channel  optimization  (AGO)  conceptual  diagram 


selected  during  the  receiver  initialization.  Given  these 
inputs,  AGO  selects  a  master  antenna  per  channel  based 
on  three  different  criteria:  minimum  PDOP,  minimum 
ADOP  or  fixed  distribution.  The  minimum  PDOP 
algorithm  is  useful  for  a  mission  where  the  navigation 
accuracy  is  more  important  than  the  attitude  accuracy  such 
as  the  GP-B  mission.  The  minimum  ADOP  is  useful  for 
an  opposite  situation  where  the  navigation  accuracy  can  be 
achieved  by  Kalman  filtering  sparse  range  measurements. 
The  last  algorithm,  the  fixed  distribution,  is  the  simplest 
but  less  generalized  because  it  has  to  be  customized  for 
each  mission.  In  this  paper,  we  will  show  the  results  for 
the  fixed  distribution  algorithm  tailored  for  GP-B. 

The  fixed  distribution  algorithm  selects  GPS  satellites  and 
assigns  master  antennas  according  to  prescribed  procedures 
and  is  an  attractive  solution  for  GP-B  because  it  is  simpler 
to  implement,  requires  less  computation  and  the  visibility 
is  very  predictable  from  tight  attitude  control.  The 
computational  load  is  an  important  factor  because  AGO 
may  have  to  be  updated  every  30  seconds  due  to  the  roll 
period  modulation  of  the  visibility  [Figure  6(b)].  As 
shown  in  Figure  7(a),  we  found  that  3  antennas  share  a 
common  view  about  10%  of  the  time  and  2  antennas 
about  63%  of  the  time.  Assume  that  N3  satellites  are 
visible  from  3  antennas,  N2  satellites  are  visible  fi-om  2 
antennas  and  Nj  satellites  are  visible  from  only  one 
antenna  when  the  AGO  algorithm  is  called  (Ni<7  and 
N3<4  from  Monte-Garlo  simulations).  AGO  will  then 
select  satellites  based  on  the  rules  we  designed  for  GP-B  as 
follows: 

1)  Select  GPS  satellites  SVj  (i=l,...,N3)  that  are  visible 
from  3  antennas. 

2)  Select  an  antenna  with  the  highest  elevation  angle  to 
SVj  as  a  master  and  assign  it  to  channel  i. 

3)  Select  GPS  satellites  SVj  (j=N3+l,...,Ni+N3)  that 
are  visible  fi’om  only  one  antenna  and  assign  that 
antenna  to  channel). 

4)  Select  GPS  satellites  SVj^  (k=Ni+N3+l,...,9)  that 
are  visible  from  two  antennas.  Select  satellites  with 
higher  elevation  angles  if  the  total  number  of  visible 
satellites  exceeds  9. 


(a)  PDOP  with  (solid)  and  without  (dashed)  AGO. 


(b)  No.  of  SVs  tracked  w/  (solid)  and  w/o  (dashed)  AGO. 
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(c)  Histogram:  number  of  differential  phase  measurements 
per  epoch  with  (gray)  and  without  AGO. 


Figure  10  Performance  comparison  between  AGO  and 
the  common  master  configuration. 
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5)  Select  an  antenna  with  the  highest  elevation  angle  to 
SVfc  as  a  master  and  assign  it  to  channel  k. 

We  selected  the  satellites  visible  from  3  antennas  first  in 
order  to  increase  the  number  of  differential  phase 
measurements  and  to  help  attitude  determination.  We  then 
selected  those  visible  from  only  one  antenna  because  they 
are  most  likely  to  fill  the  null  space  left  by  the  other  three 
antennas  and  should  help  minimize  the  PDOP.  We  filled 
the  remaining  channels  with  satellites  visible  from  2 
antennas.  If  a  satellite  chosen  is  visible  from  more  than 
one  antenna,  the  antenna  with  the  highest  elevation  angle 
to  that  satellite  was  selected  as  a  master.  By  selecting  the 
one  with  the  highest  elevation,  we  could  minimize  the 
master  reassignment  frequency.  Figure  10  shows  the 
AGO  performance  compared  with  a  common  master 
configuration,  which  is  the  current  default.  The  common 
master  configuration,  where  all  9  channels  share  one 
antenna  as  a  master,  showed  PDOP  as  high  as  5.5  and  the 
number  of  satellites  being  tracked  dropped  to  as  low  as  6. 
The  AGO  algorithm,  meanwhile,  kept  all  9  channels  filled 
over  12  hours  and  the  PDOP  was  always  below  2.0.  In 
addition,  the  number  of  differential  phase  measurements 
averaged  to  about  10  for  AGO  and  about  7  for  the 
common  master  configuration,  which  means  that  the 
AGO  algorithm  resulted  in  the  number  of  measurements 
close  to  the  maximum  according  to  Figure  7(b). 


GPS  RECEIVER 


RS422 


TCXQ  (16fJ 


PPS 


r  Science  Instruments 


ATC  Strobe  (lOHz) 


Command  & 
Telemetry  Unit 


Flight  Computer 


SPACECRAFT 


SQUID 

Electronics 


^4773 


^4 


PAYLOAD 


Figure  11  Timing  distribution  among  GPS,  spacecraft 
and  payload. 


by  hollow  arrows.  The  GPS  receiver  will  supply  the 
TGXO  signal,  from  which  the  sampling  triggers  are 
derived.  It  will  also  supply  the  pulse-per-second  (PPS) 
signal  in  order  to  synchronize  the  sampling  burst  to  UTG. 
The  payload  will  then  generate  the  10  Hz  strobe  based  on 
16fo,  which  will  be  routed  to  the  spacecraft  for 
synchronizing  spacecraft  sensor  outputs  and  the  payload 
measurements.  We  are  currently  designing  the  TGXO 
signal  driver. 


5.  OTHER  ISSUES  RELATED  TO  GPS 
OPERATION  IN  SPACE 


The  AGO  algorithm  showed  superior  performance  for 
GP-B  maintaining  low  PDOP  and  a  fair  number  of 
differential  measurements  throughout,  and  should  be 
useful  for  any  other  space  missions  where  the  antennas  are 
installed  on  a  rotating  or  non-nadir  pointing  spacecraft. 
This  algorithm  can  also  be  applied  to  terrestrial  receivers 
in  order  to  account  for  banking  of  an  aircraft  [14],  rolling 
of  a  large  sea  vessel,  etc.  Remaining  issues  for  the 
real-time  installation  of  AGO  are  the  update  rate,  channel 
assignment,  and  tracking  filter  handshakes  in  the  case  of 
antenna  switching. 

HARDWARE  MODIFICATION 

As  we  described  in  Section  2,  the  clock  coexperiment 
requires  the  measurement  frequency  stability  to  be  le-8 
over  1  second  and  3e-14  over  1  year.  Although  these 
requirements  are  achievable  by  a  GPS  receiver,  the  payload 
electronics  and  the  receiver  clock  still  need  to  be 
synchronized  for  GPS  to  be  able  to  time  tag  the  science 
measurements.  We  and  Lockheed  Martin  designed  a 
phase-locking  mechanism  between  the  payload  and  the 
GPS  receiver  by  feeding  a  common  clock  signal.  As 
shown  in  Figure  8,  a  TGXO  at  16^  drives  not  only  the 
RF  section  but  also  the  correlator  channels,  which  means 
that  all  the  measurements  within  the  receiver  are  clocked 
based  on  the  TGXO  signal.  As  part  of  the  Stanford 
modifications  to  the  TENSOR  receiver,  the  TGXO  signal 
will  be  routed  to  the  payload  electronics  and  will  be  used 
to  phase-lock  the  sampling  sequence  within  the  payload. 
Figure  1 1  shows  the  preliminary  timing  diagram.  Data 
flows  are  indicated  by  solid  arrows  and  electrical  signals 


Electronics  installation  and  operation  in  space  becomes 
challenging  because  of  the  harsh  space  environment  such 
as  radiation,  temperature,  lack  of  ground  command  access, 
etc.  The  design  issues  that  we  did  not  discuss,  but  are 
equally  important,  include  radiation  hardening,  handling  of 
SEUs,  memory-scrubbing  algorithm,  temperature 
dependent  drift,  antenna  ground  plane  design,  cold/warm 
start  and  cross-strapping. 

One  of  the  reasons  for  selecting  the  TENSOR  receiver  is 
its  radiation  hardness.  It  was  originally  designed  for  a 
total  dose  of  100  kRads(Si)  at  a  1400  km  altitude  during 
a  7  year  operation.  For  our  mission,  the  GP-B  spacecraft 
is  expected  to  receive  about  10  kRads(Si)  over  the  2  year 
operation.  Another  strength  of  TENSOR  is  its  RAD6000 
microprocessor.  This  RISG  chip  delivers  about  20  mips 
at  20  MHz  and  more  importantly  uses  an  error  detection 
and  correction  code  (ED AC)  with  four-bit  distance,  which 
means  that  it  can  correct  a  one-bit  flip  and  detect  two-bit 
flips.  We  will  not  go  into  these  issues  any  further  in  this 
paper. 

6.  CONCLUSION 

Stanford  is  designing  a  rad-hard  GPS  receiver  based  on  the 
Loral  TENSOR  receiver  for  the  Gravity  Probe  B 
Relativity  Mission.  The  Stanford  receiver  will  be 
supplied  to  the  spacecraft  contractor,  Lockheed  Martin,  as 
a  CFE  and  will  be  a  primary  navigation  sensor  not  only 
for  the  relativity  mission  but  also  for  the  geodesy,  clock 
and  aeronomy  coexperiments  and  for  the  closed-loop  orbit 
trim.  It  will  also  serve  as  a  backup  attitude  sensor.  We 
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have  described  the  relativity  mission  and  coexperiments, 
and  presented  the  GPS  requirements  derived  from  each 
experiment  or  operation  in  Table  1 . 

The  GPS  antenna  configuration  for  GP-B  was  designed  to 
minimize  the  multipath  signals  from  the  solar  arrays  and 
to  maximize  the  sky  coverage.  We  have  conducted  the 
visibility  study,  which  showed  that  the  number  of  visible 
satellites  from  each  antenna  was  modulated  at  the  orbital 
and  roll  frequencies.  We  developed  the  AGO  algorithm  to 
optimize  the  satellite  selection  and  antenna/channel 
distribution.  It  selects  satellites  and  assigns  a  master 
antenna  to  each  channel  based  on  the  minimum  PDOP, 
the  minimum  ADOP  or  the  fixed  distribution  rules.  We 
have  demonstrated  that  the  fixed  distribution  algorithm 
performed  much  better  for  GP-B  than  the  conventional 
common  master  configuration  maintaining  lower  PDOP 
and  larger  number  of  differential  phase  measurements.  We 
have  also  shown  that  the  attitude  determination  was 
feasible  considering  the  AGO  algorithm,  the  attitude 
Kalman  filtering  and  the  in-flight  calibration.  Lastly,  we 
have  presented  the  timing  scheme  among  GPS,  spacecraft 
and  payload,  designed  for  the  clock  coexperiment.  The 
hardware  modification  to  route  the  TGXO  signal  from  the 
GPS  receiver  to  the  payload  was  discussed. 
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ABSTRACT 

The  FAA’s  National  Satellite  Testbed  (NSTB)  is  a 
precursor  to  the  Wide  Area  Augmentation  System 
(WAAS).  The  testbed  is  designed  to  verify  the  WAAS 
concept  by  computing  and  broadcasting  GPS  integrity  and 
differential  correction  information  to  a  user  aircraft.  In 
addition  to  supplying  ionospheric  and  satellite  integrity 
information,  one  of  the  testbed’s  primary  functions  is  to 
provide  separate  clock  and  ephemeris  corrections. 

To  help  meet  the  goal  of  the  testbed  and  to  satisfy  the 
WAAS  navigation  accuracy  requirements,  Stanford 
Telecom  (STel)  has  performed  extensive  analysis  on  the 
problem  of  separating  the  clock  and  ephemeris  errors  for 
GPS  satellites  in  near  real-time.  As  a  result  of  this 
analysis,  STel  has  developed  and  implemented  algorithms 
which  provide  the  testbed  with  GPS  satellite  clock  and 
ephemeris  determination  capabilities.  The  algorithms 
include  accurate  force  models  as  well  as  precise  earth 
orientation  models  to  estimate  and  predict  the  GPS 
satellite  states.  This  paper  describes  the  clock/ephemeris 
algorithms  developed  for  the  NSTB,  including  initial 
performance  analysis  and  test  results.  A  description  of  the 
tests  conducted  as  well  as  a  description  of  the  algorithms 
is  also  presented. 


*The  contents  if  this  paper  reflect  the  views  of  the 
authors,  who  are  responsible  for  the  accuracy  of  the 
information  presented  herein,  and  are  not  the  official 
views  or  policies  of  the  FAA. 
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1.  INTRODUCTION 

The  FAA  is  moving  rapidly  toward  the  initial 
implementation  of  WAAS.  The  WAAS  will  enhance  the 
GPS  Standard  Positioning  Service  to  meet  the  accuracy, 
integrity  and  availability  requirements  for  sole  means 
navigation  in  the  National  Airspace  System  (NAS)  for 
enroute  through  Category  I  precision  approach  phases  of 
flight.  In  preparation  for  the  development  and 
implementation  of  the  WAAS,  the  FAA  has  been 
supporting  the  research  and  development  of  the  NSTB,  a 
prototype  of  the  WAAS.  Since  1992,  the  FAA  has  been 
conducting  flight  tests  with  the  NSTB  at  the  FAA 
Technical  Center  (FAATC)  in  Atlantic  City,  NJ.  Through 
its  continued  success,  the  NSTB  has  been  a  primary 
vehicle  of  the  FAA  for  verifying  the  initial  WAAS 
concept,  including  the  verification  and  validation  of 
meeting  Category  I  accuracy  requirements. 

In  its  current  configuration,  the  NSTB  consists  of  an 
independent  network  of  Testbed  Reference  Stations  (TRS) 
located  in  the  U.S.  and  Canada,  a  Testbed  Master  Station 
(TMS),  a  Ground  Earth  Station  (GES)  and  a 
geosynchronous  satellite  data  link  to  provide  a  User 
Platform  (UP)  with  GPS  integrity  information  and  wide- 
area  differential  corrections.  In  previous  NSTB  flight 
tests,  the  wide-area  differential  corrections  provided  to  the 
UP  have  consisted  of  lumped  range  corrections  to  mitigate 
the  effects  of  both  satellite  fast  and  slow  clock  errors  as 
well  as  satellite  ephemeris  errors.  This  simple  approach 
of  using  a  single  fast  correction  to  encompass  all  known 
satellite  errors  has  proven  to  be  effective  [1-3]  in  a  benign 
environment  consisting  of  the  relatively  small  errors  in  the 
broadcast  ephemeris  and  clock  parameters  [4]. 

In  the  future,  providing  lumped  range  corrections  may  no 
longer  be  sufficient.  The  inclusion  of  TRS  sites  in  Alaska 
and  Hawaii  [5]  will  introduce  much  longer  baselines,  and 
as  a  result,  the  spatial  decorrelation  of  ephemeris  errors 
will  become  more  pronounced.  In  addition,  if  the 
broadcast  navigation  message  is  degraded  (e.g.  via  a 
faulty  upload  or  “epsilon”  selective  availability),  the 
effects  of  spatial  decorrelation  could  be  compounded 
further.  Therefore,  to  accommodate  the  expansive  WAAS 
network,  possible  broadcast  message  uncertainties,  and  to 
meet  the  accuracy/integrity  requirements  specified  in  [5], 
it  will  be  necessary  to  provide  the  capability  for  the 
WAAS,  and  hence  the  NSTB,  to  determine  GPS  satellite 
clock  and  ephemeris  errors  in  real-time. 

Various  approaches  have  been  suggested  for  GPS 
ephemeris  determination,  including  the  inverse  GPS 
approach  [6],  kinematic  orbit  modeling  approach  [7]  and 
the  Precision  Orbit  Determination  (POD)  model  approach 
[8].  While  all  of  these  methods  have  merit,  there  are  also 


shortcomings.  The  first  approach  consists  of  performing  a 
least-squares  solution  for  the  satellite  position  and  clock 
offset  using  a  set  of  fixed  monitor  stations.  It  is  simple 
and  fast,  however,  it  can  not  be  applied  when  a  satellite  is 
viewed  by  less  than  4  monitor  stations  and  it  is  extremely 
sensitive  to  measurement  quality.  The  second  method  is 
an  enhanced  version  of  the  first,  this  time  using  a 
minimum-norm  solution  to  deal  with  underdetermined 
cases,  and  kinematic  modeling  of  the  satellite  motion  to 
provide  smooth  estimates.  While  an  improvement  over 
the  inverse  GPS  approach,  it  still  suffers  from  poor 
performance  in  the  case  of  rising  satellites.  The  POD 
method  uses  a  more  standard  approach  (i.e.  including 
dynamic  models)  and  appears  to  offer  the  highest  potential 
orbit  determination  accuracy.  The  downside  to  this 
approach  is  that  it  is  based  purely  on  data  post-processing 
and  orbit  prediction,  and  this  would  make  the 
implementation  inconsistent  with  the  real-time 
environment  of  the  NSTB.  Instead,  STel  has  decided  to 
implement  a  Nominal  Precision  Orbit  Determination 
(NPOD)  scheme.  This  is  a  slightly  modified  version  of 
the  POD  approach  in  which  selected,  non-essential 
dynamic  models  are  omitted  and  the  method  is  applied  in 
real-time.  Though  not  as  precise  as  the  POD  approach, 
this  method  still  delivers  high-level  performance  when 
solving  for  the  GPS  ephemerides  and  clocks  and  it  is 
compatible  with  the  NSTB  system  architecture. 

In  this  paper,  a  proposed  NSTB  orbit  determination 
approach  is  investigated.  This  includes  analysis  and 
results  from  4  different  test  configurations:  1  case 
involving  real  GPS  data  and  3  cases  involving  simulated 
GPS  measurements.  In  order  to  demonstrate  the  real-time 
implementation  of  the  algorithms,  the  processing 
procedures  used  during  these  tests  are  designed  to  emulate 
the  operational  environment  of  the  testbed.  The  goal  of 
this  paper  is  to  address  the  following  items: 

•  provide  a  general  description  of  the  algorithms 

•  provide  a  description  of  each  test  scenario 

•  present  the  data  analysis  and  results 

The  paper  concludes  with  a  summary  highlighting  key  test 
results,  and  it  also  describes  plans  for  future 
enhancements  to  the  NSTB  algorithms. 

2.  EPHEMERIS  ALGORITHMS 

The  NSTB  ephemeris  determination  algorithms  consist  of 
approximately  35  program  modules  (written  in  C)  to 
implement  the  dynamic  orbit  estimation  approach.  The 
modules  include  fiinctions  to  deal  with  coordinate  and 
time  transformations,  satellite  dynamic  modeling, 
observation  modeling  and  state  estimation.  A  brief 
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description  for  each  of  these  items  is  provided  in  the 
following  sections. 

2.1  Coordinate  Systems 

Satellite  and  station  coordinates  are  initially  provided  in 
an  Earth-Centered  Earth-Fixed  (ECEF)  coordinate  system 
(e.g.  WGS-84).  To  allow  for  accurate  ephemeris 
determination,  however,  the  satellite  coordinates  are 
transformed  to  the  Earth-Centered  space-fixed  Earth  Mean 
Equator  and  Equinox  of  2000  (J2000.0)  inertial 
coordinate  system.  During  NSTB  orbit  processing,  all 
satellite  states  are  maintained  in  J2000.0  while  station 
coordinates  are  transformed  from  ECEF  to  J2000.0  at 
each  measurement  epoch.  To  compute  corrections  to  the 
broadcast  ephemerides,  precise  ECEF  satellite  positions 
are  computed  by  the  NSTB  algorithms  as  needed. 

Reconciliation  between  J2000.0  and  the  ECEF  coordinate 
system  is  accomplished  using  a  rigorous  coordinate 
transformation  [9,10]  between  the  two  systems.  Included 
in  the  transformation  are  incremental  rotations  accounting 
for  lunisolar  precession,  nutation,  polar  motion  and  earth 
rotation.  Accurate  representation  of  the  rotation  matrices 
for  the  latter  two  effects  requires  precise  values  for  X  and 
Y  polar  motion  parameters  and  UTl-UTC.  These  data  are 
obtained  from  Bulletin  B  files  published  monthly  by  the 
International  Earth  Rotation  Service  (lERS). 

2.2  Time 

NSTB  network  time  (the  reference  time  to  which  all 
measurements  are  synchronized)  is  determined  to  coincide 
with  GPS  time  as  closely  as  possible.  However,  to  apply 
all  necessary  relativistic  effects  and  to  integrate  the 
spacecraft  equations  of  motion,  a  proper  time  scale  is 
required  [9,10].  The  NSTB  algorithms  use  Terrestrial 
Dynamic  Time  (TDT)  as  coordinate  time  and  as  the 
independent  variable  for  the  equations  of  motion. 

2.3  Dynamic  Modeling 

As  part  of  the  NPOD  strategy,  the  NSTB  algorithms 
include  a  set  of  dynamic  models  to  estimate  the  GPS 
satellite  ephemerides.  In  order  to  minimize  the  real-time 
processing  requirements  in  the  testbed  and  yet  still 
maintain  a  high  fidelity  dynamic  model,  a  tradeoff  study 
was  conducted  using  JPL’s  GIPSY  II  orbit  integrator  [9]. 
The  goal  in  developing  the  NSTB  algorithms  was  to  target 
satellite  accelerations  responsible  for  position  differences 
greater  than  10  cm  when  conducting  a  24  hour  orbit 
integration  comparison  between  the  GIPSY  and  NSTB 
orbit  models.  Based  upon  this  study,  the  total  acceleration 
model  which  satisfied  the  10  cm  constraint  was 
determined  to  consist  of  the  following  components: 


•  gravitational  accelerations  due  to  the  geopotential 
including  the  central-body  and  higher  order 
harmonics 

•  point-mass  gravitational  accelerations  due  to  the  Sun 
and  Moon 

•  accelerations  due  to  solar  radiation  pressure  and  Y- 
bias 

The  acceleration  components  due  to  the  Earth  are 
computed  using  a  spherical  harmonic  expansion  of 
geopotential  [11]  with  coefficients  supplied  by  the  JGM-3 
gravity  field  [12].  Given  the  nominal  altitude  of  the  GPS 
spacecraft,  the  gravity  field  can  reasonably  be  truncated  to 
degree  and  order  12. 

The  lunisolar  gravitational  effects  are  computed  by 
treating  the  Sun  and  Moon  as  Newtonian  point  masses. 
For  a  given  satellite  epoch,  the  NSTB  algorithms  are  able 
to  compute  the  precise  solar  and  lunar  positions  in 
J2000.0  coordinates  using  the  JPL  DE200  planetary 
ephemeris  file. 

Finally,  accelerations  resulting  from  solar  radiation 
pressure  and  the  Y-bias  are  determined  using  the 
ROCK42  GPS  solar  radiation  pressure  model  which  is 
described  by  Fliegel  and  Gallini  [13]. 

2.4  Satellite  State  Parameters 

In  addition  to  the  6  dynamic  parameters  of  the  GPS 
satellite  state  (position  and  velocity),  the  state  vector 
consists  of  3  non-satellite  dynamic  states  and  3  satellite 
clock  states.  The  non-satellite  dynamic  states  are  the  solar 
radiation  and  Y-bias  parameters  prescribed  in  the 
ROCK42  solar  radiation  model  [13].  These  states  are 
treated  as  stochastic  parameters  whose  discrete  values  are 
allowed  to  vary  slowly  in  time  by  adding  small  amounts  of 
exponentially  correlated  process  noise.  Because 
pseudorange  measurements  have  already  been  corrected 
for  the  SA  clock  dither,  the  satellite  clock  is  modeled  as  a 
quadratic  polynomial.  To  account  for  errors  in  removing 
the  SA  dither  and  the  unknown  behavior  of  the  broadcast 
epsilon,  the  acceleration  parameter  is  treated 
stochastically. 

2.5  Observation  Modeling 

Discrete-time  pseudorange  observables  are  modeled  as  a 
nonlinear  function  of  the  observed  spacecraft  state  and 
TRS  location.  The  observation  partial  derivatives  and 
pseudorange  residuals  are  computed  using  the  surveyed 
position  of  the  TRS  antenna  phase  center  and  the  nominal 
satellite  position  provided  by  the  reference  trajectory.  To 
account  for  the  propagation  delay  of  the  GPS  signal,  a 
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light-time  correction  to  the  satellite  dynamic  state  is 
performed  to  determine  the  position  of  the  GPS  antenna 
phase  center  at  the  signal  time  of  transmission.  As  part  of 
the  light-time  correction  algorithm,  corrections  for 
relativity  are  also  included  in  the  modeled  range. 

2.6  Estimation 

Due  to  the  presence  of  a  high-fidelity  dynamic  model  and 
the  real-time  operational  requirements  of  the  NSTB,  a 
linearized,  current-epoch  Kalman  filter  is  used  in  the 
testbed.  The  performance  of  this  algorithm  was  compared 
to  the  extended  (non-linear)  formulation  and  was 
preferred  for  the  following  reasons: 

•  reduced  transient  behavior  during  start-up 

•  reduced  sensitivity  to  noisy  or  randomly  biased  data 

To  ensure  high  accuracy  and  numerical  stability,  a  U-D 
mechanization  of  the  Kalman  filter  algorithm  was 
implemented  [14,15].  In  addition  to  its  stability,  thorough 
analysis  has  been  conducted  to  verify  the  performance  of 
the  U-D  algorithm  and  it  has  been  demonstrated  to  be 
computationally  efficient  and  well-suited  for  real-time 
applications  [15]. 

Formal  errors  of  the  satellite  state  estimates  are  required 
in  the  integrity  monitoring  function  of  the  NSTB.  To 
support  this  function,  the  U-D  factors  are  combined  to 
form  the  full  covariance  matrix.  In  addition,  to  ensure  that 
the  measurement  residuals  remain  within  the  linear 
regime,  the  satellite  states  are  periodically  updated  with 
their  state  error  estimates  to  yield  improved  reference 
trajectories. 

3.  EXPERIMENTAL  CONFIGURATIONS 

While  the  NSTB  orbit  determination  algorithms  have  been 
tested  in  a  variety  of  scenarios,  this  paper  focuses  on  four 
distinct  test  cases.  The  first  case  consists  of  a  nominal 
configuration  using  a  complement  of  TRS  sites  operating 
in  the  U.S.  and  Canada.  Real  GPS  data  were  collected 
from  the  selected  sites  in  a  manner  which  was  consistent 
with  the  actual  NSTB  operational  procedures.  The  second 
case  consists  of  a  data  simulation  using  the  same  set  of 
stations  as  the  first,  while  the  third  case  augments  the 
second  by  adding  additional  sites  in  Alaska  and  Hawaii. 
The  fourth  and  final  case  consists  of  a  data  simulation 
where  the  NSTB  network  is  expanded  to  include  global 
tracking  sites. 

3.1  NSTB  Real-Time  Configuration 

The  NSTB  currently  supports  nearly  a  dozen  TRS  sites  in 
the  contiguous  U.S.  (CONUS)  and  Canada.  For  the  initial 


testing  and  evaluation  of  the  GPS  clock/ephemeris 
estimation  software,  9  of  these  sites  were  selected  to 
provide  data  for  the  analysis.  The  site  location  are  shown 
in  Figure  1.  Each  of  the  TRS  sites  was  equipped  with  the 
standard  suite  of  hardware  items: 

•  dual-frequency  GPS  receiver/antenna 

•  Rubidium  oscillator 

•  80486  PC 

•  high-speed  modem 

•  weather  station 

The  TRS  sites  were  remotely  configured  from  the  TMS 
using  custom  software  resident  on  each  TRS  PC. 
Measurements  were  stored  locally  at  each  TRS  site  for  a 
period  of  approximately  96  hours.  To  keep  the  volume  of 
tracking  data  manageable,  measurements  were  recorded  at 
30  second  epochs. 

Following  the  collection  effort,  data  from  all  9  TRS  sites 
were  transferred  to  the  TMS  for  reduction  and  analysis. 
The  data  types  received  from  each  site  included 
observables  for  the  Ll-C/A  pseudorange  and  carrier 
phase,  P2-P1  differential  group  delay  and  L1-L2 
differential  carrier  phase. 

As  part  of  the  data  pre-processing  procedure, 
pseudorange  data  were  smoothed  using  the  carrier  phase 
data,  and  then  corrected  for  delays  due  to  the  ionosphere 
and  troposphere.  TRS  clock  biases  were  removed  by 
applying  the  technique  of  common-view  time  transfer, 
which  in  turn  allowed  for  the  removal  of  nominal  SA  fast 
clock  errors.  Once  the  measurements  were  corrected  for 
atmospheric  effects,  station  clock  biases  and  S A  fast  clock 
errors,  the  pseudorange  residuals  were  computed  and 
screened  for  outliers. 

3.2  CONUS  Data  Simulations 

Using  the  precise  GPS  ephemerides  computed  by  the 
International  GPS  Service  (IGS)  as  a  truth  source,  96 
hours  of  GPS  observation  data  were  simulated  for  2  North 
American  networks:  the  first  consisting  of  the  9  CONUS 
stations  mentioned  in  Section  2.1  and  the  second 
consisting  of  the  same  9  CONUS  stations  plus  two 
additional  sites  in  Fairbanks,  AK  and  Kokee  Park,  HI. 
For  the  sake  of  convenience,  orbits  were  estimated  for  a 
satellite  subset  of  the  GPS  constellation,  where  1  satellite 
was  chosen  from  each  of  the  6  GPS  orbital  planes.  The 
simulated  observations  were  augmented  with  data  noise  as 
well  as  with  range  errors  which  modeled  the  effects  of  the 
ionosphere  and  SA.  Random  errors  were  also  applied  to 
the  measurements  to  simulate  system  biases.  Nominal 
satellite  slow  clock  errors  were  added  using  values 
derived  from  the  broadcast  ephemerides  which  were  valid 
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during  the  simulation  interval.  With  the  exception  of 
removing  station  clock  biases  and  tropospheric  delays 
(which  were  assumed  to  be  removed  perfectly  and  hence 
not  added),  data  pre-processing  was  conducted  in  the 
same  manner  as  in  the  first  test  case. 

3.3  Global  Data  Simulation 

To  test  the  performance  of  the  ephemeris  algorithms  in  the 
presence  of  a  global  WAAS  network,  measurements  were 
simulated  for  the  same  6-satellite  subset  (Section  3.2) 
using  an  arbitrary  choice  of  15  IGS  tracking  sites.  The 
network  consisted  of  the  following  monitor  stations: 
Pamatei,  Tahiti;  Kokee  Park,  HI;  Fairbanks,  AK; 
Goldstone,  CA;  Algonquin  Park,  Canada;  Kourou,  French 
Guyana;  Santiago,  Chile;  Tromso,  Norway;  Madrid, 
Spain;  Matera,  Italy;  Hartebeesthoek,  South  Africa; 
Tidbinbilla  and  Yaragadee,  Australia;  Tapei,  Taiwan  and 
Usuda,  Japan.  Data  from  these  sites  were  generated  and 
processed  using  the  same  criteria  described  in  Sections 
3.1  and  3.2. 

4.  ANALYSIS  AND  RESULTS 

JPL’s  GIPSY  II  software  package  was  used  as  a 
benchmark  to  evaluate  the  dynamic  models  implemented 


in  the  NSTB.  To  assess  orbit  estimation  performance  with 
real  data,  IGS  precise  ephemerides  were  used  to  check  the 
NSTB  solution  accuracy.  For  selected  cases,  the  satellite 
slow  clock  estimates  were  compared  to  the  broadcast 
values.  The  effect  of  the  resulting  GPS  orbit  errors  on 
navigation  accuracy  was  examined  for  a  static  user.  To 
conclude  the  analysis,  the  run-time  requirements  for  the 
ephemeris  algorithms  were  determined  to  verify  that  they 
would  function  in  the  real-time  environment  of  the  NSTB. 

4.1  Verification  of  the  Orbit  Integrator 

To  demonstrate  the  fidelity  of  the  NSTB’s  orbit 
integrator,  tests  were  conducted  to  compare  its 
performance  to  that  of  the  GIPSY  II  orbit  integrator  over 
a  series  of  48  hour  arcs.  Using  identical  initial  conditions 
for  a  given  satellite,  trajectories  were  computed  for  a 
variety  of  GPS  spacecraft  using  both  orbit  integrators. 
Modeled  forces  during  the  tests  consisted  of  those 
responsible  for  the  accelerations  mentioned  in  Section  3.3. 
The  Height,  Cross-Track,  Long-Track  (HCL)  and  3-D 
RSS  position  differences  for  a  typical  GPS  case  are  shown 
in  Figure  2.  Note  that  since  the  comparison  involved 
state  propagation  rather  state  estimation,  the  solar 
radiation  parameters  were  treated  as  constants  over  the 
integration  interval. 
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NSTB  Integrator  vs.  GIPSY  Integrator 


Figure  2:  NSTB  and  GIPSY  orbit  integrator  comparison 

4.2  Orbit  and  Clock  Results 

During  processing  and  analysis,  emphasis  was  placed  on 
the  real  data  scenario  more  so  than  on  the  simulated  test 
cases.  Therefore,  the  simulated  scenarios  were  constrained 
to  a  nominal  6-satellite  subset  of  the  GPS  constellation  in 
which  1  satellite  was  chosen  from  each  orbital  plane.  Plots 
are  provided  for  the  orbit  errors  computed  for  PRN19, 
which  was  included  in  each  case.  Corresponding  plots  for 
the  PRN19  clock  errors  are  provided  for  the  real  data  case 
and  for  the  9-station  data  simulation  case. 

4.2.1  Real  Data  Results 

Using  the  NSTB  TMS  and  ephemeris  algorithms,  data  for 
July  30th-August  2nd,  1995  were  processed  from  the 
network  shown  in  Figure  1.  Our  analysis  indicates  that 
with  the  given  regional  NSTB  network,  each  satellite  orbit 
converged  after  2-3  complete  satellite  passes  or 
approximately  48-72  hours.  For  the  final  24  hours 
(August  2nd),  the  3-D  RMS  orbit  error  for  the  entire  GPS 
constellation  in  the  NSTB  region  was  12.7  meters.  While 
still  preliminary,  these  results  indicate  that  the  NSTB 
algorithms  are  capable  of  providing  orbit  accuracies  of  the 
same  magnitude  as  the  current  “benign”  broadcast 
ephemerides.  The  error  in  the  estimated  position  for 
PRN19  is  given  in  Figure  3  while  its  corresponding 
estimated  clock  error  is  shown  in  Figure  4.  The  sharp 
transition  in  the  clock  error  that  occurs  around  the  10  hour 
mark  can  be  traced  to  an  lODE  transition  in  the  broadcast 
ephemeris. 

To  put  the  difficulty  of  estimating  the  GPS  clocks  and 
ephemerides  in  perspective,  a  profile  of  the  Positional 
Dilution  of  Precision  (PDOP)  for  PRN19  is  given  in 
Figure  5.  It  should  be  noted  from  Figure  5  that  careful 


consideration  must  be  given  to  measurement  errors  and 
noise  when  processing  pseudorange  data.  Specifically, 
due  to  large  PDOP  values,  orbit  accuracy  can  be  severely 
degraded  if  data  screening  and  weighting  schemes  are  not 
applied  appropriately,  especially  in  the  case  of  C/A-code 
pseudorange  and  cross-correlated  group  delay  data  types. 


PRN19  Orbit  Errors 


Figure  3:  PRN19  Orbit  Error  from  NSTB  data 


PRN  19  Slow  Clock  Error 


Figure  4:  PRN19  Slow  Clock  Error  from  NSTB  data 

4.2.2  Simulated  Results  with  9-station  NSTB  Network 

The  9-station  NSTB  network  also  served  as  the  basis  for  a 
96  hour,  6-satellite  simulation.  Although  meter-level 
system  biases  were  added  to  the  data,  the  overall  quality 
of  the  measurements  is  believed  to  be  better  than  that  of 
the  real  GPS  pseudorange  data.  A  comparison  of  the 
results  from  this  scenario  was  performed  between  the 
estimated  orbit  errors  for  the  6  satellites  tested:  PRN06, 
PRN16,  PRN17,  PRN18,  PRN19  and  PRN20.  The  RMS 
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orbit  error  over  CONUS  for  this  group  of  spacecraft  was 
7.9  meters,  approximately  4.8  meters  better  than  the  12.7 
meter  RMS  error  attained  with  the  real  data.  This  is  most 
likely  due  to  unmodeled  systematic  errors  and  the  absence 
of  biases  (e.g.  multipath)  in  the  simulated  data. 


PRN19  POOP 


Figure  5:  PRN19  PDOP  history  for  NSTB  network 

Improvements  in  NSTB  measurement  pre-processing, 
including  the  implementation  of  a  multipath  mitigation 
algorithm  should  reduce  discrepancies  between  real  and 
simulated  data.  While  the  results  from  the  simulation 
certainly  indicate  that  there  is  room  for  improvement  with 
respect  to  the  real  data  case,  the  simulation  also  verifies 
that  the  current  implementation  of  the  ephemeris 
algorithms  contains  no  gross  errors.  To  demonstrate  the 
similarity  of  the  results  between  the  real  and  simulated 
cases,  the  corresponding  orbit  and  clock  errors  for  PRN19 
are  shown  in  Figures  6  and  7.  In  the  case  of  the  clock 
error  in  Figure  7,  the  near  perfect  solution  is  a 
consequence  of  the  fact  that  station  clocks  and  the 
troposphere  were  perfectly  removed  (i.e.  not  added)  as 
was  the  SA  clock  dither. 

4.2.3  Simulated  Results  with  11-station  NSTB  Network 

The  9-station  NSTB  network  was  expanded  to  include 
monitor  stations  in  Alaska  and  Hawaii.  The  benefit  of 
including  these  sites  is  improved  station  geometry  as  well 
as  extended  satellite  observation  intervals.  To  evaluate 
the  effect  of  an  expanded  network  on  orbit  accuracy,  the 
9-station  NSTB  network  was  augmented  with  specific 
sites  in  Fairbanks,  AK  and  Kokee  Park,  HI  and  once  again 
a  96  hour  simulation  was  performed.  The  extended 
network  reduced  the  RMS  orbit  error  over  CONUS  58% 
(from  7.9  meters  to  5.0  meters)  for  the  6-satellite  test  case. 
The  orbit  errors  for  PRN19  are  given  in  Figure  8. 


PRN19  Orbit  Error 


Figure  6:  PRN19  Orbit  Error  (9-station  simulation) 


PRN  19  Slow  Clock  Error 


Figure  7:  PRN19  Clock  Error  (9-station  simulation) 


4.2.4  Simulated  Global  Network 

To  evaluate  the  performance  of  the  NSTB  ephemeris 
algorithms  under  optimal  conditions,  a  final  96  hour 
simulation  was  performed  using  a  global  network  of  15 
IGS  sites  selected  in  an  effort  to  provide  a  set  of  evenly 
spaced  monitor  stations.  As  a  result  of  the  vastly  enhanced 
viewing  geometry  and  data  continuity,  the  orbit  accuracy 
improved  dramatically.  The  global  RMS  orbit  error  for 
this  case  was  1.8  meters.  The  stability  of  the  solution  as 
well  as  the  effect  of  continuous  measurement  updates  can 
be  readily  noted  in  Figure  9. 
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PRN19  Orbit  Errors 


Figure  8:  PRN19  Orbit  Errors  (11 -station  simulation) 


PRN19  Orbit  Errors 


Figure  9:  PRN19  Orbit  Error  (global  network  simulation) 

4.3  Orbit  Errors  and  Spatial  Decorrelation 

The  critical  impact  of  GPS  orbit  errors  on  the  NSTB  is  the 
spatial  decorrelation  of  the  user  range  errors.  Within  the 
NSTB  network,  the  user  line-of-site  vector  remains  highly 
correlated  with  those  of  the  TRS’s  and  therefore  only 
spatially  decorrelated  range  errors  will  cause  a 
degradation  of  the  user  navigation  solution.  To  examine 
this  effect,  the  spatial  decorrelation  of  the  range  errors 
was  computed  for  the  entire  GPS  constellation  for  August 
2,  1995.  Considering  the  4200  km  baseline  connecting 
Bangor,  ME  and  Riverside,  CA  as  the  worst  case  scenario, 
the  RMS  differential  range  error  for  the  24  hour  period 
was  1.2  meters.  A  contour  plot  of  the  differential  range 
errors  over  the  NSTB  region  for  PRN19  using  Bangor  as 
a  reference  is  given  in  Figure  10. 


I^O'W  120"  110"  100"  90"  80"  70"W 


Figure  10:  PRN19  Differential  Range  Error 

4.4  Algorithm  Hardware  Requirements  and  Timing 

The  NSTB  ephemeris  algorithms  consist  of  approximately 
4000  lines  of  C  source  code  and  were  developed  hnd 
tested  on  a  multiprocessor  Sparc  20  workstation.  Timing 
tests  reveal  that  when  running  under  the  operational 
conditions  of  the  testbed,  the  ephemeris  algorithms  were 
able  to  execute  at  a  rate  which  is  approximately  l/40th 
real-time.  Thus,  preliminary  testing  confirms  that 
although  the  NPOD  approach  is  computationally 
intensive,  it  can  be  easily  implemented  in  the  real-time 
environment  of  the  NSTB. 

4.5  Implementation  and  User  Accuracy 

Incorporation  of  a  real-time  GPS  ephemeris/clock 
correction  capability  into  the  NSTB  is  a  phased  effort. 
The  initial  phase  (Phase  I)  has  been  to  re-architect  the 
testbed  to  separate  the  TMS  processing  into  foreground 
and  background  tasks.  Foreground  processing  consists  of 
computing  GPS  fast  clock  corrections,  integrity 
processing  and  message  formatting.  The  background  is 
responsible  for  estimating  NSTB  network  time,  computing 
the  ionospheric  grid  for  CONUS,  and  GPS 
ephemeris/slow  clock  determination. 

Under  the  Phase  I  architecture,  the  ephemeris  algorithms 
produce  satellite  dynamic  and  clock  states  in  a  manner 
that  is  similar  to  the  method  that  the  GPS  control  segment 
uses  to  generate  the  broadcast  ephemerides.  That  is,  the 
NSTB  algorithms  provide  a  set  of  predicted  GPS 
reference  trajectories  and  clock  coefficients.  The  TMS 
background  process  uses  this  information,  to  compute 
satellite  ephemeris  and  clock  corrections  in  real-time. 
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In  the  future  Phase  II  architecture  real-time  estimation  of 
GPS  ephemerides  and  slow  clock  states  will  be 
implemented  in  place  of  using  predicted  GPS  reference 
trajectories  and  clock  coefficients. 

As  part  of  the  verification  procedure  for  the  Phase  I 
architecture,  a  series  of  static  tests  was  conducted  at 
STel’s  Reston  facility  in  late  August,  1995.  UP  navigation 
solutions  were  computed  using  separate  ephemeris  and 
clock  corrections  provided  by  the  TMS.  The  navigation 
solutions  were  referenced  to  the  surveyed  location  of  the 
user  antenna  to  determine  the  user  position  errors.  The 
results  for  a  33  minute  test  are  summarized  in  Table  1. 


1  User  Navigation  Error  || 

Component 

Mean 

Sigma 

95% 

(m) 

(m) 

(m) 

East 

0.30 

0.77 

1.83 

North 

-0.90 

1.63 

4.16 

Vertical 

0.32 

2.56 

5.44 

1  Number  of  Points:  2000  II 

Table  1:  User  Navigation  Error 


It  can  be  noted  from  this  table,  that  the  95%  user  vertical 
error  for  our  test  was  less  than  5.5  meters.  These  results 
indicate  that  when  using  the  proposed  GPS  ephemeris 
algorithms,  the  NSTB  accuracy  results  are  consistent  with 
earlier  work  [1-3]  which  has  demonstrated  meeting 
Category-I  RNP  performance  [5]. 

5.  SUMMARY 


In  case  1  (real  data),  the  mean  RSS  orbit  error  exceeds  10 
meters  for  the  regional  NSTB  tracking  network  of  TRSs. 
However,  the  RMS  differential  range  error  across 
CONUS  was  shown  not  to  exceed  1.2  m.  The  difference 
between  cases  1  and  2  illustrates  the  sensitivity  to 
observation  data  quality  and  preprocessing  limitations. 
Cases  2,  3  and  4  illustrate  the  sensitivity  to  the  geometric 
distribution  of  the  tracking  network. 

Separate  clock  and  ephemeris  corrections  were  applied  to 
the  navigation  solution  of  a  static  user  to  show  consistency 
with  previous  results  using  lumped  corrections  in  a  benign 
environment.  The  resulting  95%  vertical  position  error 
was  less  than  5.5  meters,  demonstrating  that  Category-I 
accuracy  requirements  can  be  met  with  the  NSTB 
ephemeris  algorithms.  Because  no  assumptions  were 
made  by  the  NSTB  regarding  the  quality  of  the  broadcast 
ephemerides,  these  results  should  be  indicative  of  the 
expected  user  navigation  performance  in  a  non-benign 
environment  as  well. 

The  processing  procedures  used  during  the  tests  emulated 
those  methods  used  currently  by  the  NSTB.  This 
demonstrated  that  the  ephemeris  algorithms  are 
compatible  with  the  NSTB  system  architecture  and  can  be 
integrated  with  nominal  effort.  Moreover,  timing  numbers 
from  the  tests  indicate  that  the  ephemeris  algorithms  will 
run  in  real-time,  despite  being  computationally  intensive. 
Finally,  with  improved  receiver  hardware  and  an 
expanded  NSTB  network,  it  is  anticipated  that  the 
ephemeris  determination  capability  of  the  NSTB  will  be 
further  improved. 


The  modeling  elements  and  processing  approach 
employed  with  the  GPS  ephemeris  algorithms  developed 
for  the  NSTB  were  presented.  Initial  results  based  on  real 
and  simulated  observations  and  several  TRS 
configurations  are  summarized  in  Table  2. 


Case 

Data 

Source 

TRS 

Sites 

RMS  Error  Performance  | 

Orbit 

(RSS) 

(m) 

Slow 

Clock 

(m) 

Diff. 

Range 

(m) 

1 

NSTB 

(real) 

9 

(CONUS) 

12.7 

7.5 

1.2 

2 

Sim 

9 

(CONUS) 

7.9 

4.6 

0.7 

3 

Sim 

11 

(CONUS 
+  AK,HI) 

5.0 

3.9 

0.4 

4 

Sim 

15 

(Global) 

1.8 

1.5 

0.2 

6.  FUTURE  WORK 

This  paper  represents  the  first  generation  of  GPS 
ephemeris  determination  algorithms  for  the  NSTB.  Once 
the  GEO  ranging  capability  of  the  NSTB  is  firmly 
established,  the  algorithms  will  be  optimized  to  work  for 
the  GEO  satellite  as  well.  Work  is  currently  under  way  to 
improve  orbit  accuracy  by  making  several  enhancements 
to  the  algorithms.  Improvements  based  on  the  following 
are  under  consideration: 

•  improving  data  pre-processing 

•  improving  reference  trajectories  of  the  GPS  satellites 
by  curve  fitting  previous  ephemerides 

•  estimating  the  wet  zenith  tropospheric  delay 

•  estimating  earth  orientation  parameters 

•  processing  carrier  phase  observables  and  estimating 
phase  biases 


Table  2:  NPOD  Performance  Summary 
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ABSTRACT 

Different  navigation  systems  (  ground  and  on  board 
equipment  )  have  been  studied  in  order  to  design  an 
autonomous  navigator  for  a  geostationary  satellite.  This 
study  focuses  on  the  hardware  system  description,  the 
mission  analysis  and  the  orbit  determination  accuracy 
obtained  with  the  presented  kinds  of  localisation 
measurements. 

The  presented  comparison  study  considers  different 
navigation  techniques  based  on  C/A  code  characteristics 
with  a  dedicated  C/A  code  on  board  receiver  : 

a)  The  use  of  the  C/A  codes  transmitted  by  the  GPS 
satellites ; 

b)  Transmission  in  Ku,  C  or  S-band  of  C/A  codes  by 
3  dedicated  ground  pseudolites,  or  by  feeder-lmk  stations 
of  the  host  satellite  ( in  Ku-band ). 

This  paper  presents  the  characteristics  of  each 
radionavigation  system  ( theoretical  background,  kind  of 
measurement,  frequencies,  error  models  ...  )  and  the 
method  used  to  estimate  the  orbit  determination 
accuracy.  Then,  the  results  are  compared  and  discussed. 

System  specification  of  the  on  board  receiver  are 
given  in  each  case. 

The  use  of  the  studied  system  on  board  geostationary 
radionavigation  satellites  is  also  discussed.  Some  studies 
concerning  GPS  navigation  for  geostationary  transfer 
orbits  are  also  described. 

The  GPS  application  planned  for  the  STENTOR 
program  is  also  presented. 


Introduction 

Tracking  sessions  for  geostationary  satellites  are 
generaly  performed  by  ground  stations  with  classical 
ranging,  Doppler  and  angular  measurements. 

In  order  to  minimize  the  ground  segment  operations 
and  to  develop  more  and  more  autonomous  orbitography 
systems  (for  orbit  determination,  oibit  manoeuvre 
computation,  ...),  new  GPS  technicjuesare  considered, 
where  the  measurements  are  performed  and  used  on 
board  the  satellite  itself.  That  constitutes  an  autonomous 
navigation  system,  well  matched  to  spacecraft  provided 
with  a  ionic  propulsion  dedicated  to  North-South  station 
keeping,  hi  such  a  case,  the  frequency  necessary  for  the 
station  keeping  manoeuvres  (  typically  once  a  day  ) 
induces  costly  ground  operations,  if  an  autonomous 
navigation  system  is  not  used.  Autonomous  navigation 
could  also  be  useful  for  East-West  station  keeping 
manoeuvres.  The  autonomous  navigation  could  also  be 
used  to  broadcast  on-board  generated  ephemeris  (orbital 
and  clock  elements),  if  the  associated  accuracy  is  good 
enough  for  future  GNSS2  payloads. 

Two  candidate  configurations  are  considered  in  this 
paper.  First,  a  general  system  description  of  each  studied 
configurations  is  given : 

-  hardware  description  and  measurement  principle, 

-  link  and  error  budget, 

-  system  advantages  and  drawbacks. 

Then  an  orbitography  study  is  detailed  with  a 
comparison  of  the  orbit  determination  accuracy 
achievable  by  the  differents  localisation  systems: 

-  principles  about  the  methods  used, 

-  details  of  some  specific  modellings  (clock  delay,  orbit 
extrapolation  error, ...), 

-  complete  description  of  each  simulation  (hypotheses, 
error  budget,  measurements  schedule,  results, ...). 

The  orbit  determination  accuracy  for  station  keeping 
of  each  system  is  presented. 


257 


1.  System  description 


Bnp  =  Noise  bandwith  of  the  Costas  Loop  (Hz) 


1.1.  General  description 


Li  =  Losses  between  the  antenna  and  the  loops. 


The  studied  system  is  based  on  the  following 
components : 

-  A  radionavigation  receiver  placed  on  board  the 
geostatioimary  spacecraft.  This  equipment  is  a 
multichannel  C/A  code  receiver. 

-  A  network  of  radionavigation  signal  transmitters. 
The  clock  phase  differences  of  these  transmitters  are 
assumed  to  be  known  :  the  system  is  synchronised. 
Single  way  and  monofrequency  radiolinks  are 
established  between  these  transmitters  and  the  receiver. 

-  A  receiving  antenna  with  its  main  lobe  pointing 
towards  the  earth  and  covering  a  part  of  the  transmitters 
network. 

-  The  receiver  processes  the  C/A  signals,  to  produce 
pseudorange  and  pseudospeed  (Doppler)  measurements 
related  to  the  axis  linking  the  transmitters  and  the 
geostatioimary  satellite.  The  Doppler  measurements  are 
performed  over  an  interval  T  equal  to  10  seconds.  The 
pseudorange  measurements  are  performed  every  10 
seconds. 

-  The  raw  measurements  are  transmitted  to  an  on 
board  processor,  performing  the  autonomous 
orbitography. 


1.2.  Raw  measurement  errors 


=  Signal  to  noise  density  at  antenna  access  (Hz) 


CJpDth  ^ 


c  Brim  l.Rd 

A)  '■(XT 

\No  Li)  \No  Li 


CpVu,  # 


71.  fo.  Tt  r  c  1 
\[  No'  Li 


Rd 

SL  ± 

No  ■  Li 


The  second  source  of  short-term  noise  is  due  to  the 
short-term  stability  of  the  oscillators  used  in  the  system. 
An  estimation  of  these  errors  is  formulated  hereafter : 

Oprosc  =  Std  deviation  of  Pseudo  Range  (m ) 

apvosc  =  Std  deviation  of  Pseudo  Velocity  (m/s ) 

AFi  =  frequency  difference  over  the  T  period  (Hz) 

Fi  =  central  frequency  of  the  oscillator  i  (Hz) 

The  index  i  is  b  for  the  on  board  oscillator  and  g  for 
the  groimd  oscillator. 


The  first  source  of  short  term  measurement  noise  is 
the  thermal  noise.  These  errors  are  characterized  by  the 
following  parameters  : 


_  ^  „  fAFbf  fAFgf 

apRosc^c.T.,  +  — - 


apRth  =  Standard  deviation  of  Pseudo  Range  (m) 


Gpvth  =  Standard  deviation  of  Pseudo  Velocity  (m/s) 


^  fAFgf 

Gpvosc  #  c.  J  — -  +  — — 


c  =  Speed  of  light  ( m/s ) 

T  =  Doppler  count  interval  (s ) 

fo  =  frequency  of  the  carrier  processed  ( Hz ) 

Rc  =  Chip  rate  of  the  C/A  code  (chip/s ) 

Rd  =  Data  rate  of  the  transmitted  message  (bit/s ) 


The  standard  deviations  Gpd  and  Gpv  related  to  the 
global  short  term  errors  are  given  by  : 


_  /  2  2 
Cl  PR  -  '*“0‘PRosc 


=  japvth'+apvosc" 


Bnm  =  Noise  bandwith  of  the  D.L.L  (Hz) 
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1.3.  Study  of  different  location  systems 


1.3.1.  Case  a  :  GPS  receiver  receiving  signal 
transmitted  by  the  GPS  satellites 

This  case  has  been  well  described  in  previous  papers 
[1],  [2],  [3],  [4].  The  transmitters  are  the  GPS  Space 
Vehicles.  The  frequency  used  is  LI  (fo  =  1575.42  MHz). 
The  RF  link  analysis  is  performed  with  a  best  case  - 
worst  case  link  budget.  The  associated  geometrical 
configuration  (  fig  1.3. 1.1  )  is  synthesized  by  a  set  of 
parameters,  as  follows  : 

Rearth  =  Radius  of  the  earth 

Rms  =  Radius  of  an  earth  centered  masking  sphere 

0geomax  =  GPS  SV  Aspect  angle  from  a  GEO  (max) 

0geomin  =  GPS  SV  Aspect  angle  from  a  GEO  (min) 

0gpsmax  =  GEO  Aspect  angle  from  a  GPS  SV  (max) 

0gpsmin  =  GEO  Aspect  angle  from  a  GPS  SV  (max) 


fig  1.3. 1.1  :  GPS-GEO  link  budget  configuration 

The  masking  sphere  allows  the  receiver  or  the  on 
board  processor  to  suppress  the  measurements  embeded 
with  strong  ionospheric  errors.  Its  altitude  has  been 
selected  to  1000  km  for  this  study.  The  ionospheric  error 
on  pseudorange  measurement  has  been  estimated  to  16 
m  in  the  worst  case,  which  is  the  best  case  of  the  link 
budget.  The  aspect  angles  in  the  worst  case  has  been 
chosen  to  have  a  C/No  at  the  antenna  port  better  than  to 
30  dBHz  (with  a  #  2  dB  margin),  compatible  with  the 
acquisition  thresholds  of  good  GPS  receivers.  The  best 
case  aspect  angles  correspond  to  the  masking  sphere. 
The  associated  link  and  error  budget  is  given  hereafter 
(table  1.3.1.2) : 


Case  of  GPS  SV 

Best  case 

Worst  case 

Transmitted  power  (dBW) 

14 

14 

GPS  antenna  gain  (dB) 

13.4 

1.4 

Free  space  losses  (dB) 

192.9 

192.8 

Other  losses  (dB) 

3.2 

4 

GEO  antenna  gain  (dB) 

13 

12 

Noise  temperature  (dBK) 

27.5 

27.5 

Boltzman  const  (dBW/k/Hz) 

-228.6 

-228.6 

C/No  (dBHz) 

45.4 

31.8 

Internal  losses  Li  (dB) 

1.5 

1.5 

GPDth  (m) 

1.3 

6.4 

GPVth  (mm/s) 

0.12 

0.59 

table  1.3. 1.2  :  GPS-GEO  link  budget 

Losses  due  to  multipath  or  ionospheric  fadings  are 
more  important  for  the  best  case  of  the  link  budget. 
Losses  due  to  the  degradation  of  the  ellipticity  ratio 
outside  the  nominal  zone  of  the  GPS  SV  antenna  pattern 
are  not  well  known.  An  estimation  (3  dB)  is  taken  into 
account  in  the  worst  case  link  budget. 

For  orbit  determination,  the  choosen  standard 
deviations  related  to  the  thermal  noise  are  10  m  and  1 
mm/s.  They  are  slightly  greater  than  in  the  calculated 
worst  case,  but  still  negligible  compared  to  the  effects  of 
Selective  Availability  (  table  2.3. 1.4  ).  The  short  term 
stability  of  a  GPS  SV  clock  is  assumed  to  be  majored  by 
10“^^  s/s.  The  short  term  stability  of  the  receiver  clock  is 
choosen  to  be  10"^^  s/s.  Thus,  we  obtain  : 

GPRth  =  10  m  apvth  =  1  mm/s 

Gprosc  =  0.03  m  Gpvosc  =  3  mm/s 

Gpr  =  10  m  Gpv  =  3.2  mm/s 

The  maximum  pseudorange  error  SPRmuit  due  to 
multipath  can  be  estimated  with  the  following  elements, 
considering  one  single  delayed  path  created  by  a 
reflection  on  the  earth  itself  ( fig  1.3. 1.3  ) : 
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r  =  reflection  coefficient  on  the  earth  surface 

Ged  =  GPS  S V  antenna  gain,  for  the  direct  path 

Ger  =  GPS  SV  antenna  gain,  for  the  reflected  path 

Grd  =  GEO  antenna  gain,  for  the  direct  path 

Grr  =  GEO  antenna  gain,  for  the  reflected  path 

a  =  relative  amplitude  of  the  reflected  signal  [5] 

^  _  Ger.  Grr.r 
~  Ged.Grd 

NB:  The  multipath  errors  could  be  not  negligible 
because  Ged  <  Ger  and  Grd  <  Grr. 


Cs  =  chip  spacing  used  in  the  GPS  receiver  [5]. 
a  .  c  .  Cs 

OPRmuli  —  - 

Rc 

With  a  classical  chip  spacing  (  Cs  =  1  chip  )  and  a 
first  estimation  of  the  relative  amplitude  such  as  a  #  -14 
dB,  we  obtain  epRmuit  #  10  m.  This  error  can  be  reduced 
with  a  receiver  equiped  with  narrow  correlators  [5]. 

1.3.2.  Case  b  -  option  1  :  GPS  Rx  receiving  GPS-like 
signals  transmitted  in  Ku  band  by  several  host 
stations 

In  this  case,  the  transmitters  are  located  on  the 
ground,  at  feeder-link  stations  of  the  host  satellite 
(connection  and/or  TM/TC  stations).  The  frequency  of 
the  uplink  signal  is  assumed  to  be  in  the  Ku  band.  One 
uplink  channel  could  be  occupied  by  a  C/A  code 
modulated  in  baseband  by  a  data  message.  The  main 
characteristics  of  this  channel  are  summarized  by  : 

fo  #  14  GHz  ;  Rc  =  1.023  MHz  ;  Rb  =  50  bits/s 

This  concept  enables  to  reuse  significant  hardware 
parts  pre-existing  in  the  host  station  (  high  power 
amplifier,  stable  clock,  transmitting  antenna  ...  )  and  in 
the  host  spacecraft  (  receiving  antenna  ...  ).  The  main 
specific  hardware  is  limited  to  a  monochannel  GPS 


generator  connected  to  a  coherent  Ku  upconverter 
(ground  parts)  and  a  Ku  downconverter  connected  to  a 
GPS  receiver  (spacecraft  parts).  The  synchronisation  ( i.e 
knowledge  of  the  transmitters  clock  phase  differences  ) 
of  the  system  can  be,  performed  by  external  means  such 
as  GPS  itself.  A  time  GPS  receiver  is  now  usually  set  up 
in  feederlinks  stations.  The  synchronisation  could  also  be 
performed  internally,  if  the  number  of  stations  (  or 
dedicated  pseudolites  :  §  1.3.3  )  is  sufficient.  In  such  a 
case,  autonomous  orbitography  and  system 
synchronisation  are  performed  simultaneously. 


fig  1.3.2. 1  :  Geometry  of  the  link  budget.  Caseb. 

The  link  budget  ( table  1.3. 2. 2  )  considers  a  best  case 
with  a  feeder  link  station  situated  on  the  subsatellite 
point,  and  a  worst  case  with  station  coordinates  equal  to 
45°  in  latitude  and  relative  longitude  ( fig  1.3.2. 1 ) 


Feeder  link  station 

Best  case 

Worst  case 

Transmitted  power  (dBW) 

7 

7 

station  antenna  gain  (dB) 

45.3 

45.1 

Free  space  losses  (dB) 

206.4 

207.3 

Other  losses  (dB) 

3.8 

4.5 

GEO  antenna  gain  (dB) 

19 

18.7 

Noise  temperature  (dBK) 

30.5 

30.5 

Boltzman  const  (dBW/K/Hz) 

-228.6 

-228.6 

C/No  (dBHz) 

59.1 

57.1 

Internal  losses  Li  (dB) 

2 

2 

GPDth  (m) 

0.3 

0.4 

CPYth  (mm/s) 

0.05 

0.07 

table  1.3.2. 2  :  feederlink  station  -  GEO  link  budget 
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The  selected  standard  deviations  related  to  the 
thermal  noise  are  finaly  0.5  m  and  0.1  mm/s.  The  short 
term  stability  of  a  ground  high  performance  OCXO  is 
assumed  to  be  5.10“^^  s/s.  The  short  term  stability  of  the 
onboard  clock  used  for  the  study  is  7.10'^^  s/s.  Thus,  we 
obtain : 


GPRth  = 

0.5  m 

apvth  = 

0.1  mm/s 

QPRosc  ~ 

0.003  m 

QPVosc  — 

0.26  mm/s 

apR  = 

0.5  m 

apv  = 

0.3  mm/s 

1.3,3.  Case  b  -  option  2  :  GPS  Rx  receiving  GPS-like 
signals  transmitted  in  Ku,  C  or  S  band  by  3 
dedicated  ground  GPS  pseudolites 

This  case  is  quite  similar  to  the  previous  one,  except 
for  the  ground  station  concept.  It  has  been  presented  in 
[6].  The  transmitters  are  dedicated  pseudolites,  using  Ku, 
C  or  S  band;  i.e.  fo  #  14,  6  or  2  GHz.  The  link  budget 
configuration  is  identical  to  the  previous  one,  as  well  as 
the  clock  stability  assumptions. 


Dedicated 

best  case 

worst  case 

pseudolites 

Ku 

C 

S 

Ku 

C 

S 

Tx  power  (dBW) 

10 

11.8 

10 

10 

11.8 

10 

Tx  ant  gain  (dB) 

35.8 

24.1 

15.1 

35.3 

22.1 

13.1 

F.S  Losses  (dB) 

206.4 

199.6 

189.5 

207.3 

200.5 

190.4 

Other  losses  (dB) 

3.8 

1.8 

0.7 

4.5 

2.5 

1.4 

Rx  ant  gain  (dB) 

19 

19 

19 

18 

18 

18 

Noise  temp  (dBK) 

30.5 

29 

28.1 

30.5 

29 

28.1 

Bcst(dBW/K/Hz) 

-228.6 

-228.6 

-228.6 

-228.6 

-22a6 

-228.6 

CVNo  (dBHz) 

52.6 

52.9 

54.3 

49.6 

48.4 

49.8 

Int  losses  (dB) 

2 

2 

2 

2 

2 

2 

GPDth  (ra) 

0.6 

0.6 

0.5 

0.9 

1 

0.8 

CJPVth  (mm/s) 

0.06 

0.11 

0.09 

0.08 

0.18 

0.16 

table  1.3.3. 1  :  Pseudolite-GEO  link  budget 


The  global  short  term  noise  evaluation  table  is  thus  : 


dedicated 

pseudorange  (  m  ) 

pseudovelocity  (mm/s) 

pseudolites 

Ku 

C 

S 

Ku 

C 

S 

selected  Oth 

1.0 

1.0 

1.0 

0.1 

0.2 

0.2 

aosc 

0.003 

0.003 

0.003 

0.260 

0.260 

0.260 

global  CT 

1.0 

1.0 

1.0 

0.3 

0.3 

0.3 

The  pseudorange  errors  are  computed  with  a  Total 
Electron  Count  (TEC)  equal  to  7.4.10^^  eVm^  in  the 
worst  case. 

CNES  has  already  tested  3  stations  manufactured  by 
IN-SNEC  including  C-band  GPS  pseudolites 
transmitting  toward  one  Iiunarsat  2  geostationary 
payload  equiped  with  a  C-L  repeater.  This 
experimentation  has  been  performed  in  the  frame  of  the 
Europeen  GNSS  overlay  project  [7].  The  one  sigma 
standard  deviation  of  the  pseudorange  noise  measured 
with  GPS  receivers  connected  to  a  coherent  L-Ll 
frequency  converter  was  below  2  meters  [7].  The 
orbitography  performance  obtained  with  5  days  of 
measurements  leads  to  an  estimation  of  the  radial 
component  better  than  4  m  (1  a  rms),  with  3  pseudolites 
located  in  Toulouse  (France),  Kourou  (French  Guyana) 
and  Hartebeesthoek  (South  Africa).  The  orbit  of  the 
geostationary  satellite  was  computed  using 
measurement  periods  of  1  hour  every  6  hours  [7]. 


2.  Orbit  determination 

This  second  part  describes  the  orbitography  analysis 
performed  on  these  3  different  location  systems.  This 
study  consists  in  the  estimation  of  the  orbit 
determination  accuracy  reached  after  3  days  of 
observation. 

2.1.  Method 

The  method  used  is  a  direct  covariance  analysis  of  a 
least  squares  orbit  determination  filter.  For  each  kind  of 
measurement,  the  covariances  of  the  different  kinds  of 
errors  are  given  in  input.  The  results  are  the  covariances 
of  each  estimated  orbit  parameters. 

The  different  types  of  measurement  errors  can  be 
simulated  by : 

-  random  function, 

-  bias  or  serial  bias  function  (systematic  error  during  all 
the  observation  period  or  during  shorter  periods), 

-  autoregressive  functions  (Markov  process). 
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The  software  used  for  this  study  is  quite  well  adapted 
to  classical  measurements  performed  by  ground  stations: 
such  as  ranging,  Doppler,  elevation  or  azimuth 
measurements. 

Therefore,  to  determine  the  orbit  determination 
accuracy  reached  with  the  different  solutions,  we  had  to 
convert  their  measurements  in  classical  measurements 
performed  by  ground  stations: 

-  For  the  pseudo  ranging  between  GPS  satellites  and  the 
Geo  satellite  (case  a),  we  consider  a  fictive  ground 
station  network  located  at  a  very  high  altitude  (20132 
km)  on  a  circle  behind  the  Earth  (§  2.3.1).  Then  each 
GPS  signal  is  converted  into  a  pseudo  ranging 
measurement  between  the  spacecraft  and  the  fictive 
station,  the  nearest  to  the  GPS  satellite. 

-  For  the  cases  b  (pseudo  ranging  and  Doppler 
measurements  between  the  spacecraft  and  ground 
stations  or  beacons)  no  conversion  is  needed. 

Orbit  parameters: 

The  used  orbit  parameters  are  adapted  to  a  quasi 
geostationary  orbit: 

a:  semi  major  axis 

ex  =  ecos(cL)  +  n)\ 

>  eccentricity  vector 

ey  =  esin(a)  +n)  I 


ix  =  sinicos(f2)l 

>  inclination  vector 
iy  =  sinisin(Q)  J 

^m  =  cii)+£2  +  M-0:  mean  longitude 

where:  cd  :  argument  of  perigee 

Q.:  right  ascension  of  the  ascending  node 

M:  mean  anomaly 
0:  sideral  time 

2.2.  Specific  errors  modelling 
2.2.1.  Clock  delay 

The  radioelectric  measurements  considered  are  one 
way  measurements.  So  the  delay  of  the  clock  used  to 
determine  the  measurement  datation  must  be  taken  into 
account  as  a  pseudo  range  error  (a  delay  of  1  ps 
corresponds  to  a  range  error  of  about  300  m). 

To  take  into  account  this  error  we  have  incoiporated 
three  new  parameters  in  the  resolution  system.  Two  of 


them  are  added  to  the  state  vector,  in  order  to  be 
estimated  through  the  least  squares  filter  : 

PI  =  clock  biais  (a^  =  2.6  ps) 

P2  =  clock  drift  (02  =  3.3  10“^  s/s) 

And  the  third  parameter,  P3  represents  the  residual 
clock  drift  after  estimation  =  3.3  10"^  s/s). 

This  method  decreases  the  observability  of  the  whole 
state  vector  but  the  fact  the  clock  delay  can  be  estimated 
widely  compensates  the  observability  lost. 

Different  tests  have  been  performed  about  that.  They 
are  detailed  on  §  2.3. 1  (  case  a ). 

2.2.2.  Error  due  to  the  orbit  extrapolation  model 

To  represent  the  error  which  can  be  introduced  by  the 
orbit  extrapolation  model  of  the  on-board  software 
(analytical  model),  we  have  incorporated  an  other 
parameter  (imcertain  parameter)  in  the  resolution  system. 
This  parameter  characterizes  an  unaccuracy  on  the  Earth 
attraction  coefficients  p  of  =  0.14  km/s^  which  leads 
to  an  error  of  about  5  m  on  the  semi  major  axis  after  3 
days  of  extrapolation.  This  kind  of  value  is  compatible 
with  a  CNES  analytical  model  which  has  been  tested  and 
evaluated  with  respect  to  an  orbit  determined  by  an 
accurate  numerical  model  with  actual  measurements  [8], 
but  should  be  adapted  with  the  chosen  on  board  model. 


2.3.  Study  of  different  location  systems 

2.3.1.  Case  a  :  GPS  Rx  receiving  signal  transmitted 
by  the  GPS  satellites 

The  measurements  are  pseudorange  between  the 
visible  GPS  Space  Vehicles  (SV)  and  the  geostationary 
satellite.  •  Due  to  the  different  anteimas  geometry 
(transmitter  and  receiver),  the  link  budget  and  the 
ionospheric  effects,  the  GPS  satellites  which  can  be 
acquired  must  be  located  on  a  crown  behind  the  Earth 
(figl.3.1.1,  [1]). 

This  restriction  prevents  four  GPS  satellites  from 
being  simultaneously  visible  (which  would  allow  to 
know  immediately  the  spacecraft  position,  and 
moreover,  the  on  board  clock  delay).  So,  the  orbit 
determination  must  be  performed  through  an  estimator 
(least  squares  filter  for  instance). 

The  following  figure  shows  the  distribution  of  the 
GPS  satellite  on  the  crown  behind  the  Earth  after  a 
simulation  with  the  GPS  orbits  (determined  the  4th  of 
august  1994). 
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GPS  SVs  the  4th  of  august  1994 


160  180  200  220 


luiigilude 


Figure  2.3. 1.1 

Our  analysis  software  represents  the  GPS  SV  visible 
by  the  geostationary  satellite  by  18  fictive  ground 
stations  located  on  this  circle.  As  soon  as  a  GPS  SV  is 
acquired  by  the  GEO,  the  associated  pseudorange 
measurement  is  simulated  ,  related  to  the  fictive  station 
the  nearest  of  the  GPS  satellite. 

When  a  GPS  satellite  is  visible,  a  measurement  is 
performed  every  10  s,  this  frequency  leads,  on  a  long 
observation  period,  to  an  effective  measurement  every 
15.1  s  (fig  2.3. 1.2),  taking  into  account  the  24  GPS  orbit 
evolution  and  the  geostationary  one's. 

Figure  2.3. 1.3  shows  the  distribution  of  the  visible 
GPS  satellites  versus  time. 


Figure  2. 3. 1.2  :  Cumulated  of  GPS  measurements 
versus  time 


Figure  2.3. 1.3  :  Number  of  visible  GPS  satellites 
versus  time 


Measurement  plan: 


We  consider  3  days  of  orbit  observation,  with  a 
measurement  every  10  s  as  soon  as  a  GPS  satellite  is 
visible. 

Measurement  errors: 


The  error  budget  is  given  in  the  following  table: 


Error  origin 

Kind  of  error 

a(m) 

multipath 

bias 

10 

thermal 

random  error 

10 

ionosphere 

bias 

16 

short  term  selective 
availability  (SA) 

autoregressive  Markov 
process  t  =  180  s 

25 

long  term  S  A 

autoregressive  x  =  7200  s 

30 

To  these  errors  some  others  must  be  added: 

-  The  orbit  extrapolation  model  error  due  to  the 

attraction  coefficient  p  error  :  =  0.14  km^/s^,  this 

parameter  is  estimated  (added  to  me  state  vector). 

-  The  clock  delay  is  modeled  by  2  estimated  parameters 
(clock  bias  (a  =  2.6  ps) ;  clock  drift  (cr  =  3.3  10’^  s/s)} 
and  1  non  estimated  parameter  (residual  clock  drift 
(after  estimation)}.  This  error  has  been  simidated  as  a 
bias  or  a  random  error  (a  =  3.3  10'^  s/s). 

Results: 

The  following  table  (2.3. 1.4)  gives  the  orbit 
parameter  accuracies  (after  3  days  of  orbit  observation) 
and  the  contribution  of  each  error. 


Model 

a(in) 

ex 

ey 

ix  (deg) 

iy(deg) 

l(deg) 

Short  tSA 

1.024 

3.9e-08 

4.0e-08 

1.4e-05 

1.3e-05 

1.2e-05 

LongtSA 

2.452 

8.4e-08 

9.7e-08 

3.2e-05 

2.9e-05 

2.9e-05 

Clock'bias 

0.000 

O.Oe+00 

O.Oe+00 

O.Oe+00 

O.Oe+00 

O.Oe+OO 

Clock  drift 

0.000 

O.Oe+00 

O.Oe+00 

O.Oe+00 

O.Oe+00 

O.Oe+OO 

Residual  drift 

0.000 

O.Oe+OO 

O.Oe+00 

O.Oe+00 

O.Oe+OO 

O.Oe+OO 

Ionosphere 

0.441 

5.4e-08 

5.4e-08 

1.8e-05 

1.8e-05 

4.3e-05 

li 

4.937 

4.2e-08 

3.6e-08 

1.3e-05 

1.4e-05 

3.1e-05 

Multipath 

0.326 

4.2e-08 

3.6e-08 

1.3e-05 

1.4e-05 

3.1e-05 

Short-temi 

0.075 

O.Oe+00 

O.Oe+00 

1.3e-06 

1.4e-06 

5.7e-07 

Troposphere 

0.000 

O.Oe+00 

O.Oe+00 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

Total 

5.634 

l.le-07 

1.2e-07 

4.1e-05 

3.9e-05 

6.1e-05 

Table  2.3. 1.4 

This  simulation  leads  to  a  very  good  orbit  accuracy 
where  the  highest  error  contribution  comes  from  the 
orbit  extrapolation  model  whereas  the  SA  contributes 
more  slightly  to  the  total  error.  The  very  low 
contribution  of  the  residual  clock  drift  drove  us  to 
perform  a  second  simulation  where  the  clock  delay  (bias 
and  drift)  are  not  estimated.  This  led  to  a  better 
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observability  but  immediatly  the  contribution  of  the 
clock  error  increased  (table  2,3. 1.5). 

For  this  simulation,  the  clock  delay  has  been 
taken  into  accomt  as  a  clock  drift  of  10'*^  s/s 
corresponding  to  a  bias  of  2.6  ps  after  3  days.  The  result 
of  this  simulation  is  given  in  the  next  table: 


Model 

a(m) 

ex 

ey 

ix(deg) 

iy(deg) 

l(deg) 

Short  tSA 

0.729 

3.7e-08 

4.0e-08 

1.4e-05 

1.3e-05 

1.2e-05 

LongtSA 

1.729 

7.9e-08 

9.4e-08 

3.2e-05 

2.9e-05 

2.8e-05 

Clock-bias 

365.9 

3.1e-06 

4.0e-07 

8.5e-05 

3.7e-05 

3.1e-04 

Clock  drift 

1.329 

1.5e-06 

9.0e-07 

2.4e-05 

1.3e-05 

7.3e-05 

Clock  enor 

0.000 

O.Oe+00 

O.Oe+00 

O.Oe+00 

O.Oe+00 

O.Oe+00 

Ionosphere 

1.994 

5.2e-08 

5.0e-08 

1.8e-05 

1.8e-05 

4.2e-05 

3.045 

4.4e-08 

3.5e-08 

1.3e-05 

1.4e-05 

3.2e-05 

Mult^th 

1.473 

3.9e-08 

3.5e-08 

1.3e-05 

1.4e-05 

3.1e-05 

Shoit-temi 

0.053 

O.Oe+00 

O.Oc+00 

l.3e-06 

1.4e-06 

5.7e-07 

Troposphere 

0.000 

O.Oe+00 

O.Oe+00 

O.Oe+00 

O.Oe+00 

O.Oe+00 

Total 

366.0 

3.5e-06 

9.9e-07 

9.8e-05 

5.6e-05 

3.3e-04 

Table  2.3. 1.5 

Several  tests  have  been  performed,  and  led  to  the 
same  conclusion  :  the  clock  delay  parameter  have  to  be 
estimated,  so  an  on  board  clock  with  a  medium  mid 
term-stability  performance  could  be  enough  because 
even  if  the  residual  drift  is  important  after  a  linear 
estimation  (3.3  10'^  s/s),  its  influence  is  minor. 

At  last,  different  tests  have  been  performed  on 
shorter  periods  (36  h,  24  h,  12  h)  and  have  also  shown 
very  good  results.  Table  2.3. 1.6  gives  the  results  on  the  3 
directions  (radial  R,  normal  N,  and  along  track  T). 


Duration 

R  deviation 

N 

T 

36  h 

10  m 

42  m 

53  m 

24  h 

25  m 

50  m 

60  m 

12  h 

60  m 

75  m 

155  m 

Table  2.3. 1.6 
Conclusion  of  case  a  : 

The  orbit  determined  with  those  GPS  measurements 
seems  to  be  very  accurate  even  on  very  short  arcs  (12  h). 

2.3.2.  Case  b  :  GPS  Rx  receiving  GPS-like  signals 
emitted  in  Ku,  C  or  S  band  by  3  ground 
beacons. 

The  measurements  are  pseudo  range  (one  way)  and 
Doppler  between  the  spacecraft  and  3  grormd 
pseudolites. 


We  consider  a  0  deg  longitude  satellite  and  3  grormd 
beacons  located  in  Toulouse,  Kourou  and 
Hartebeesthoek.  The  coordinates  choosen  for  these 
beacons  are  given  hereafter: 


Longitude 

Latitude 

Altitude 

Toulouse 

1.5° 

43.4  ° 

260  m 

Kourou 

-  52.6  ° 

5° 

112m 

Hartebeesthoek 

27.7° 

-25.9  ° 

1151m 

Measurement  plan: 

A  pseudorange  and  a  Doppler  measurement  is 
performed  every  10  s  during  3  days,  for  each  pseudolites. 

Measurement  errors: 


They  are  detailed  in  the  following  table,  for  the 
dedicated  pseudolites  ( case  b  -  option  2 ). 


0 

ranging 

‘"dopplerC"*™^®) 

Kind 

Origin  of  error 

Ku 

C 

S 

Ku 

C 

s 

of 

error 

Shortterm  noise 

1 

1 

1 

0.3 

0.3 

0.3 

random 

(oscillator + thermal) 
Multipath 

1 

1 

1 

0.1 

0.1 

0.1 

bias 

lonophere 

0.4 

2 

20/6 

0 

0 

0 

bias 

Troposphere 

3 

3 

3 

0 

0 

0 

bias 

The  case  of  feeder  link  stations  ( b-option  1 )  has  the 
same  error  budget  in  Ku  band,  except  for  the 
pseudorange  short-term  noise  (  0.5  m  instead  of  1  m  ). 
However,  it  has  been  verified  this  difference  has  no 
significant  influence  on  the  orbitography  performance. 

The  following  errors  are  also  taken  into  accoimt: 

-  the  extrapolation  orbit  model  error:  an  =  0.14  km^/s^, 

-  the  clock  delay: 

.  clock  bias  (a  =  2.6  ps)  to  be  estimated, 

.  clock  drift  (a  =  3.3  10'^  s/s)  to  be  estimated, 

.  residual  clock  drift  (a  =  3.3  10'^  s/s). 

Remarics: 

1.  We  consider  the  groxmd  pseudolites  are  correctly 
synchronised. 
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2.  We  consider  the  important  ionopheric  bias  (S  band 
case)  could  be  partially  compensated  (70  %)  through 
a  permanent  ground  calibration.  That's  the  reason 
why  the  study  is  performed  with  2  correction  values. 

The  4  following  tables  present  the  accuracies  reached 
on  the  orbit  parameters  and  the  contribution  of  each  kind 
of  error  after  three  days  of  measurements,  and  for  the  3 
transmission  bands  (Ku,  C  and  S).  For  S  band  ,  2  tables 
are  given  for  each  case  of  ionospheric  bias. 


Model 

a(in) 

ex 

ey 

ix  (deg) 

iy(deg) 

l(deg) 

C3ock-bias 

0.000 

O.Oe+00 

O.Oe+00 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

Caodc  drift 

0.000 

O.Oe+00 

O.Oe+00 

O.Oe+00 

O.Oe+OO 

O.Oe+OO 

Residual  drift 

0.000 

O.Oe+00 

O.Oe+00 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

Ionosphere 

0.000 

O.Oe+00 

O.Oe+00 

O.Oe+OO 

O.Oe+OO 

3.7e-06 

p 

4.937 

O.Oe+00 

O.Oe+00 

O.Oe+OO 

O.Oe+OO 

9.5e-06 

0.000 

O.OebOO 

O.Oe+00 

O.Oe+OO 

O.Oc+00 

9.5e-06 

Shoit-tenn 

0.009 

O.Oe+00 

O.Oe+00 

O.Oe+OO 

O.OefOO 

O.Oe+OO 

Troposphere 

0.000 

O.Oe+00 

O.Oe+00 

O.Oe+OO 

O.Oe+OO 

2.8e-05 

Total 

4.937 

O.OebOO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

3.0e-05 

Table  2.3.2. 1  (Kuband) 


Model 

a(m) 

ex 

ey 

ix  (deg) 

iy(deg) 

l(deg) 

C:iock-bjas 

0.000 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

Clock  drift 

0.000 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

Residual  drift 

0.000 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

Ionosphere 

0.000 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

1.8e-05 

p 

4.937 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

9.5e-06 

Mult^lh 

0.000 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

9.5e-06 

Short-teim 

0.009 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

Troposphere 

0.000 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

2.8e-05 

Total 

4.937 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

3.0e-05 

Table  2.3.2.2  (C  band) 


Model 

a(m) 

ex 

ey 

ix(deg) 

iy(deg) 

l(deg) 

Clock-bias 

0.000 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

dock  drift 

0.000 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

Residual  drift 

0.000 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

Ionosphere 

0.003 

O.Oe+OO 

O.Oe+OO 

8.1e-07 

8.1e+07 

1.9e-04 

p 

4.937 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

9.5e-06 

Mu^afti 

0.000 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

9.5e-06 

Short-term 

0.009 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

Troposphere 

0.000 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

2.8e-05 

Total 

4.937 

O.Oe+OO 

O.Oe+OO 

8.1e-07 

8.1e-07 

1 .9e-04 

Table  2. 3. 2. 3  (Sband,  =  20  m) 


Model 

a(m) 

ex 

ey 

ix  (deg) 

iy  (deg) 

l(deg) 

p 

4.937 

3.0e-ll 

2.0e-ll 

l.le-09 

l.le-09 

l.le-07 

dock-bias 

0.000 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

O.Oe+OO 

Shortterm 

0.009 

2.2e-10 

2.1e-10 

I.5e-07 

1.5e-07 

l.Oe-07 

CHock  drift 

0.000 

l.Oe-11 

l.Oe-11 

2.3e-09 

l.le-09 

O.Oe+OO 

Residual  drift 

0.000 

l.Oe-11 

l.Oe-11 

2.3e-09 

l.le-09 

O.Oe+OO 

Ionosphere 

0.001 

2.0e-10 

3.5e-10 

2.6e-07 

2.4e-07 

5.6e-05 

Multipath 

0,000 

3.7e-ll 

5.7e-ll 

4.4e-08 

4.0e-08 

9.3e-06 

Troposphere 

0.000 

9.9e-ll 

1.8e-10 

1.3e.07 

l.2e-07 

2.8e-05 

Total 

4.937 

3.2e-10 

4.5e-10 

3.3e-07 

3.1e-07 

6.3e-05 

Table  2. 3. 2.4  (Sband,  =  6m) 


Conclusion  of  case  b: 

Those  results  are  excellent,  the  total  error  is  mainly 
due  to  the  orbit  model  error  and  the  ionopheric  bias  in 
case  of  S  band  tranmission  without  ionospheric  bias 
calibration. 


Some  other  tests  have  been  performed  on  shorter  arcs 
(36  h  ,  24  h  ,  12  h)  and  leads  to  very  good  results  too, 
almost  with  Ku  or  C  transmission.  The  accuracy  stays 


very  fine  until  24  h  and  is  still  correct  after  only  12  h  of 
measurements.  It  seems  to  be  the  most  accurate  way  of 
on  board  navigation. 


3.  main  conclusions 

The  following  table  sumarizes  the  orbit  performances 
reached  with  those  different  location  systems.  It  gives 
the  position  accuracy  at  1  a: 


System 

AR(m) 

AT(m) 

AN(m) 

Remark 

GPSsateUites 

-  possibility  to 

(case  a) 

5  to  6 

45 

31 

reduce  the 
measurement  arc 
till  12  h  without 

any  notable 
degradation 

3  ground  beacons 
(case  b) 

Ku,  C  band 

5 

22 

0 

-  Ku,  Civery 

accurate  even  on 
short  arcs  (>  12  h) 

S  band 

S  band: 

-  ionospheric  bias  not 

5 

140 

1 

-  along  track 

compensated 

deviation  due  to 
the  ionospheric 
effect 

-  70  %  of  ionospheric 

5 

47 

1 

-  possibility  to 

bias  compensated 

reduce  the 
measurement  arc 
till  12  h 

A  sensitivity  smdy  has  been  performed  for  ground 
transmitters  related  to  the  pseudovelocity.  Its 
contribution  to  the  global  performance  is  negligible, 
compared  to  the  influence  of  the  pseudorange.  Thrs 
observation  allows  to  relax  the  specification  of  the  short 
term  stability  of  the  on  board  oscillator.  All  the 
performance  of  this  oscillator  (§  2.3.1)  are  thus 
compatible  with  a  good  OCXO  (Ovenized  Controled 
Cristal  Oscillator),  which  could  be  integrated  in  the  C/A 
receiver. 


fig  3.1.  Autonomous  nav  &  GNSS2  geostationary 
payload. 

The  on  board  receiver  could  of  course  take  benefit  of 
a  clock  in  the  payload,  as  it  could  be  the  case  in  the 
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GNSS2  geostationary  payloads.  If  these  payload 
broadcast  GNSS-like  signals  in  a  band  close  or  equal  to 
LI,  a  GNSS  receiver  could  not  be  used  on  board  for 
electromagnetic  compatibility  reasons.  However, 
solutions  described  in  case  b  can  be  managed  for  such 
applications  ( fig  3.1 ). 


4.  GPS  navigation  in  transfer  orbit 

Progress  in  the  GPS  receiver  techniques  allow 
to  reduce  the  acquisition  and  tracking  thresholds.  An 
acquisition  C/No  threshold  close  to  25  dBHz  at  the 
antenna  acces  is  now  possible.  Such  performances 
could  allow  a  navigation  during  geostatio  nary  transfer 
orbits,  using  GPS  with  other  measurements  or  as  sole 
mean. 

An  operational  orbitography  performed  on 
ground  using  both  GPS  measurements  (  transmitted 
during  the  contacts  with  the  ground  )  and  classical 
ranging  data  could  reduce  the  number  of  used  ground 
stations  or/and  the  cost  of  the  associated  ground 
segment  operations  before  the  station  keeping. 

An  orbitography  performed  on  board  with  GPS 
measurements  could  also  be  possible  with  good 
acquisition  thresholds  (  25  dBHz  at  the  antenna  port, 
for  instance ). 


Gr(0)  =  Gr(O).[cos(0)J  if@<  1.2  rad 

Grr(0  )  =0  if  1.2  <©  <71  rad 

The  antenna  parameters  choosen  for  this  study  are  r  = 
1.4  and  Gr(0)  =  2,  i.e  Gr(0)dB  =  3  dB.  The  antenna 
pattern  of  the  transmitting  GPS  antenna  is  modelled  as 
follows  ( fig  4.2 ) ; 


0,000  5,000  10,000  15,000  20,000  25,000 


fig  4.2  :  Model  of  the  LI  band  GPS  SV  antenna  gain. 

The  dynamic  link  budget  between  a  GPS  SV  and  the 
satellite  in  transfer  orbit  consider  a  worst  case  for  non 
free  space  losses  estimated  to  4  dB.  The  system  noise 
temperature  is  assumed  to  be  constant  (600K)  in  the 
study. 


The  geostation  ary  satellites  are  typically  sun- 
pointed  during  transfer  orbits,  excepted  during  some 
manoeuvres.  Studies  have  shown  that  number  of  GPS 
contacts  performed  during  classical  GTO 
(Geostationary  Transfer  Orbit)  or  GDO  (Geostationary 
Drift  Orbit)  are  not  numerous  enough,  if  the  GPS 
antenna  dedicated  to  station  keeping  is  used.  Two 
complementary  anteimas  (fig  4.1),  mounted  on  the 
face  pointed  toward  the  sun  (-Z)  and  on  the  anti-sun 
face  (+Z)  of  the  platform,  could  be  used. 


GTO 


The  studied  transfer  orbits  are  GTO,  GDO  and  SSO 
(Super  Synchroneous  Orbit).  They  are  described  in 
table  4.3  : 


GTO 

SSO 

GDO 

Apogee  altitude  (km) 

36000 

60000 

36000 

S-major  axis  (km) 

24580 

36688 

41984 

Eccentricity 

0.715 

0.80925 

0.00675 

Inclination  (°) 

7 

7 

0.06 

Argum  of  perigee  (°) 

180 

180 

180 

Long  of  asc  node  (°) 

280.24 

280.24 

280.24 

Mean  anomaly  (°) 

0 

0 

0 

table  4.3  ;  Types  of  transfer  orbit  studied. 


fig  4. 1.  GPS  subsystem  for  transfer  orbits 

The  pattern  of  these  antennas  is  assumed  to  be 
hemispherical.  The  associated  gain  Gr  is  a  function  of 
the  aspect  angle©  : 


The  following  results  (  fig  4.4,  4.5,  4.6  )  present  the 
number  of  GPS  satellites  visible  (  C/No  >  25  dBHz  ) 
by  the  2  hemispherical  antennas  during  the  3  types  of 
orbit  presented  above. 
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fig  4.4  :  Visible  GPS  satellites  for  a  GTO. 


fig  4.5  :  Visible  GPS  satellites  for  a  SSO. 


fig  4.6  :  Visible  GPS  satellites  for  a  GDO. 


These  results  encourage  to  continue  further 
work  in  this  subject.  The  number  of  GPS  contacts  is 
quite  correct.  These  contacts  are  well  distributed  along 
each  orbit.  Autonomous  orbitography  seems  to  be 
accessible  with  modem  Ll-C/A  GPS  receivers. 


5.  Implementation  of  GPS  measurements  in 
STENTOR 


The  STENTOR  project  is  a  french 
geostationary  satellite,  dedicated  to  the 
experimentation  of  new  space  techniques  in  orbit 
(STENTOR  =  Satellite  Technologique  pour 
E^erimenter  des  Nouvelles  Techniques  en  ORbite). 

The  GPS  navigation  on  board  geostationary 
satellite  is  considered  as  one  of  these  new  techniques. 
CNES  performed  several  internal  works  on  this 
subject,  such  as  the  one  presented  in  this  paper.  The 
first  industrial  study  for  CNES  concerning  the  use  of 
different  navigation  systems  using  GPS  techniques 
started  in  1989.  These  techniques  are  now  considered 
as  sufficiently  mature  to  be  tested  in  orbit. 

An  autonomous  navigation  principle,  based  on  GPS 
use,  will  be  implemented  on-board  STENTOR. 

The  description  of  this  system  is  very  close  to  the  one 
described  in  §  1.3.1.  It  is  part  of  the  A.O.C.S  sub¬ 
system  under  MMS  (  Matra  Marconi  Space  ) 
responsability. 

As  it  is  considered  as  an  experiment,  it  can  be 
superseeded  by  a  "standard"  (  i.e.  not  GPS-based  ) 
procedure. 

This  experiment  will  allow  to  check  the  actual 
performances  of  this  solution.  A  conventional  method 
will  be  used  as  a  reference. 

The  use  of  this  system  during  transfer  oibit  is  still 
under  discussion. 
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ABSTRACT 

In  1994,  ESA  initiated  an  ATV  Rendezvous 
Predevelopment  (ARP)  Program  in  parallel  to  the 
ATV  phase  B.  The  Autcanated  Transfer  Vehicle 
(ATV)  will  perform  servicing  to  the  International 
Space  Station  Alpha  (ISSA).  The  Rendezvous  to  ISSA 
is  a  aitical  mission  phase  of  the  ATV  flight  involving 
the  safety  of  both  ATV  and  ISSA  vehicles  and  crews. 
Therefore,  the  ARP  program  primary  objective  is  to 
demonstrate  the  maturity  of  the  critical  technology 
involved  in  the  achievement  of  such  rendezvous 
operations.  The  baseline  relative  navigation  solution 
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fw  the  long  range  proximity  operations  (12  km  to  300 
m)  is  the  Relative  GPS  (RGPS).  This  paper  presents 
the  current  results  of  the  ARP  activities  on  the  design 
and  development  of  the  so-called  RGPS  filter. 

1.  INTRODUCTION 

As  its  major  participation  to  the  cost  and  maintenance 
of  the  International  Space  Station  Alpha  (ISSA)  the 
European  Space  Agency  (ESA)  has  decided  to  develop 
an  ISSA  dedicated  servicing  vehicle,  the  Automated 
Transfer  Vehicle  (ATV).  The  mission  of  the  ATV  will 
be  to  perform  an  orbital  rendezvous  with  the  ISSA 
ending  either  by  a  docking  along  the  ISSA  velocity 
axis  (Vbar  approach)  or  a  berthing  until  grappling  by 
the  ISSA  robot  arm  after  a  radial  approach  (Rbar). 
The  relative  GPS  (RGPS)  is  baselined  as  the 
navigaticm  mean  for  the  long-range  part  of  the 
proximity  operations. 

In  1994,  the  ATV  Rendezvous  Predevelopment  (ARP) 
program  has  been  initiated  by  ESA  in  parallel  to  the 
ATV  phase  B  in  order  to  demonstrate  Europe 
capability  to  master  the  key  technology  involved  in 
performing  the  ATV  to  ISSA  orbital  rendezvous  (ref 
[6]),  among  which  the  relative  GPS  navigation.  The 
ARP  program  includes  the  following  elements  and 
objectives: 

-  The  rendezvous  system  pre-develoment  (called 
ARP-Kemel,  Matra  Marconi  Space  is  prime 
contractor)  which  includes: 

*  Design  and  development  of  a  Rendezvous 
Control  system  (RVC)  prototype  software 
running  in  real  time  in  an  ATV  computer 
breadboard. 

*  Development  and  validaticm  of  the  ground 
simulation  facilities 

*  Verification  process  for  the  RVC  prototype 
software 

*  Definition,  execution  and  analysis  of  flight 
demonstratiCHis  for  the  Rendezvous  Sensor 
(RVS)  and  the  RGPS. 

-  The  develq)ment  of  a  Rendezvous  Sensor  (RVS) 
by  DAS  A  JENA  Optronik  (ARP-RVS  contractor). 

-  The  procurement  of  a  GPS  receiver  (ARP-GPS), 
by  Laben  (ARP-GPS  contractor)  based  on  the 
Laben/Loral  Tensor^^’  which  shall  be  used 
during  ARP-K  activities  for  verification  and 
demonstration  of  the  relative  GPS  algorithms 
(ground  tests  and  flight  demonstration). 

In  the  following,  we  shall  focus  on  the  RGPS 
navigation  activities  that  are  currently  carried  out  in 
the  frame  of  the  ARP-Kemel,  project  including: 

-  Functional  description  of  the  RGPS  navigation 
function 


-  Desaiption  of  the  implemented  RGPS 
algorithms:  choice  of  the  GPS  observables,  of  the 
state  vector  and  filtering  scheme,  trade-off 
performance  versus  SW  complexity. 

-  RGPS  performance  prediction  based  on 
preliminary  simulations. 

-  Development  of  a  high  fidelity  functional 
simulator. 

-  Test  and  validation  campaign  philosophy. 

The  activities  undertaken  in  the  frame  of  ARP-Kemel 
for  the  relative  GPS  aim  at  demonstrating  in  a  ftill 
scale  prototype  that  the  RGPS  is  a  relevant  technology 
element  for  the  automatic  Rendezvous  foreseen  for  the 
ATV. 

2.  THE  RGPS  FILTER  WITHIN  ATV  RVC 

2.1  Applicable  operational  conditions 

After  launcher  separation,  the  ATV  mission  is 
composed  of  two  main  mission  phases.  The  phasing  of 
the  ATV  with  the  ISSA  is  performed  by  a  succession 
of  Hohmann  transfer  bums  dedicated  to  approach  the 
altitude  of  the  ISSA  while  catching  up  in  free  drift 
with  ISSA  actual  on-orbit  position.  During  the 
phasing,  the  ATV  will  rely  on  absolute  GPS 
navigation  and  up-linked  target  ephemeris  that  will 
allow  to  derive  coarse  relative  position/velocity 
estimates  used  for  active  control  of  the  transfer  bums. 
The  second  mission  phase  consists  in  the  proximity 
operations  that  are  triggered  by  the  entry  into  the 
ISSA  communication  range.  From  this  event  on,  the 
ATV  relative  navigation  is  supposed  to  work  directly 
in  relative  mode  in  order  to  achieve  the  necessary 
performance  for  a  safe  approach  sequence.  This  direct, 
real-time  relative  navigation  is  made  possible  by  the 
established  ISSA  to  ATV  UHF  link  that  transmits  in 
real  time  the  necessary  ISSA  GPS  data.  The  initial 
position/velocity  estimates  are  available  at  the 
transition,  derived  as  previously  described  (1(X)  m,  0.5 
m  accuracy). 

Both  ISSA  and  ATV  are  assumed  to  have  a  12 
channels  C/A  code  GPS  receiver  providing  raw  data  at 
1  Hz.  Thanks  to  the  real-time  Ulff  link  the  ISSA  GPS 
raw  data  are  made  available  to  the  RGPS  filter  no 
more  than  two  seconds  after  they  were  acquired.  The 
antenna  coverage  of  both  receivers  are  assumed 
sufficient  to  provide  a  nominal  common  visibility  of  at 
least  4  GPS  satellites  all  the  time.  Ctwisidering  the 
small  range  of  proximity  (^rations  (<  12  km),  and 
the  use  of  hemispherical  antennas  with  low  enough 
mask  angle  (<  15°),  this  feature  is  easily  satisfied  with 
the  current  24  GPS  satellites  constellation. 
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During  all  the  proximity  operations,  the  ISSA  is 
supposed  to  be  a  "co-operative  target"  in  the  sense  that 
it  does  not  perform  linear  control  bums. 

2.2  RGPS  navigation  performance  requirement 

The  performance  requirements  apply  to  the  estimates 
of  the  relative  position/velocity  of  the  ATV  with 
respect  to  the  ISSA  Local  Vertical/Local  Horizontal 
(LV/LH)  frame,  which  is  used  by  the  guidance 
function  to  compute  and  correct  in  real  time  the 
reference  approach  trajectory  and  by  the  closed  loop 
position/velocity  control.  Three  main  drivers  ^ply  for 
the  performance  specification  of  the  RGPS  navigation 
in  the  frame  of  the  ATV  rendezvous: 

-  The  impact  of  navigation  errors  on  the  relevance 
of  the  guidance  reference  trajectory  computation. 

-  The  ability  to  detect  anomalous  deviations  from 
the  reference  trajectory  sufficiently  early  to  allow  a 
safe  mission  reconfiguration  (stop-approach  or 
avoidance  manoeuvre). 

-  The  acquisition  range  of  the  ISSA  retroreflector 
by  the  optical  Rendezvous  Sensor  (RVS)  at  the 
hand-over  from  RGPS  navigation  to  the  final  RVS 
navigation. 

These  constraints  have  lead  ESA  to  specify  the 
following  performance  requirements  to  the  RGPS 
navigation: 

position  error  <  10  m  (3o) 
velocity  error  <  0.05  m/sec  (3a) 

This  specification  applies  with  Selective  Availability 
(SA)  active  on  all  GPS  satellites. 

2.3  RGPS  filter  functional  description 

Various  filtering  scheme  for  relative  navigation  with 
GPS  have  already  been  proposed  in  the  literature.  The 
first  choice  to  be  performed  is  whether  to  derive  the 
relative  position/velocity  estimates  by  subtracting  the 
outputs  of  two  independent  absolute  navigation  filters, 
(one  for  the  chaser  and  the  other  for  the  target),  or  to 
use  directly  both  spacecraft  GPS  data  in  the  same 
filter.  The  second  option  has  always  been  recognised 
as  superior  in  order  to  benefit  as  much  as  possible 
from  the  cancellation  of  all  the  external  sources  of 
errors  in  the  GPS  signal  (SA,  ionospheric  delay,  GPS 
ephemeris  errors)  that  affect  similarly  the  input  GPS 
signal  received  quasi-simultaneously  by  both 
receivers,  ref[l][7][8].  This  cancellation  is  obtained  by 
subtracting  directly  the  raw  data  (pseudo-range, 
carrier  cycle  count,  range-rate)  obtained 
simultaneously  from  both  GPS  receivers.  With  this 
simple  principle  most  of  the  errors  inherent  to  the 
GPS  signal  itself  vanish  directly.  The  direct 
processing  of  differential  GPS  observables  has  then 
been  selected  for  the  ATV  RGPS  filter.  Its  principle  is 
depicted  on  figure  2.3/1. 


Figure  2.3/1  -  Principle  of  RGPS  navigation 

However,  the  derivation  of  relative  navigation  fr(Hn 
such  relative  raw  data  requires  also  a  knowledge  of  the 
absolute  position/velocity  of  the  target/chaser 
composite  in  wder  to  predict  the  line  of  sight  to  the 
GPS  satellites.  RefI4]  proposes  to  include  in  the  same 
Kalman  filter  the  estimate  of  both  vehicles 
position/velocity  vectors  together  with  range/range- 
rate  biases  estimates  for  each  of  the  GPS  satellites 
commonly  tracked  by  chaser  and  target.  This  solution 
lead  to  a  27  states  filter  in  refI4].  In  the  case  of  ATV, 
the  absolute  navigation  of  the  ATV  is  already  required 
independently  for  the  phasing  mission  phase  and 
continues  to  operate  during  the  rendezvous  phase. 
Absolute  navigation  data  are  then  readily  available  for 
the  relative  GPS  filter.  The  more  economic  and 
modular  solution  (in  terms  of  size  of  the  state  vector) 
chosen  for  ATV  is  then  to  design  an  independent 
RGPS  filter,  working  solely  on  the  relative  raw  data, 
and  fed  by  the  output  of  the  absolute  navigation  filter. 
Despite  the  fact  that  the  absolute  navigation  estimates 
are  sensitive  to  the  SA  and  other  external  error 
sources  (ionospheric  delay,  ...),  the  impact  on  the 
accuracy  of  the  RGPS  output  has  been  found  to  be 
quite  acceptable.  Note  that  the  method  of  ref[4]  makes 
use  of  the  relative  measurements  to  improve  the 
absolute  navigation  solution,  while  in  the  ATV  case, 
only  the  relative  navigation  benefits  from  the  relative 
observables. 

An  other  issue  of  importance  in  the  functional  design 
of  the  RGPS  filter  is  the  introduction  of  the 
acceleration  model  that  will  feed  the  dynamics 
propagation.  As  already  said,  the  target  is  "co¬ 
operative",  thus  no  input  from  the  target  about  any 
control  acceleration  is  needed.  On  the  ATV  side,  it 
has  been  chosen  to  use  the  a  priori  knowledge  of  the 
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linear  accelerations  obtained  at  the  thruster 
management  function  level  when  computing  the  on- 
time  of  the  thrusters. 

The  RGPS  filter  is  also  fed  with  attitude  estimates  of 
both  the  chaser  and  the  target  in  order  to  compensate 
for  the  lever  arm  existing  between  the  GPS  antenna 
and  the  spaceCTaft’s  centre  of  mass  to  which  apply  the 
relative  navigation  estimates.  ISSA  attitude  data  will 
be  received  in  real  time  by  ATV  thanks  to  the  space- 
to-space  UHF  link. 

3.  RGPS  filtering  algorithm  description 

3, 1  RGPS  observables 

One  essential  trade-off  to  make  in  designing  a  GPS- 
based  filter  is  the  choice  of  GPS  observables  to 
process.  The  three  basic  observables  available  from 
the  Tensor^^  receiver  are: 

-  The  pseudo-range  measurement  (10  m,  la)* 
(issued  from  code  phase  measurement)  is 
classically  used  for  instantaneous  absolute  position 
fix. 

-  The  carrier  cycle  count  (6mm,  la)*  (issued  from 
carrier  phase  measurement) 

-  The  range-rate  measurement  (5cm/sec,  la)* 
(from  the  Doppler  shift  commanded  to  the  carrier 
tracking  loop) 

(*)  performance  figures  free  from  external  error  sources  (from 
ARP-GPS  specification) 

Beside  these  basic  raw  observables,  it  is  possible  to 
reconstruct  a  pseudo  range-rate  observable  by  back 
differentiation  of  carrier  cycle  count  data.  This 
observable  will  be  called  the  delta-range  observable 
in  the  following.  This  observable  is  essentially  related 
to  the  mean  velocity  over  the  integration  time  step, 
and  therefore  can  be  used  instead  of  the  range-rate 
observable  to  provide  a  direct  observability  of  the 
velocity  states. 

The  past  studies  performed  on  RGPS  navigation 
during  rendezvous  (Hermes,  ref[7][8])  have  shown 
that  the  use  of  a  velocity-related  observable  to 
supplement  the  pseudo-range  measurements  is  highly 
desirable  because  it  allows  a  faster  estimation 
dynamics  during  manoeuvring  flight  (necessary  for 
feedback  control)  while  providing  the  necessary 
improvement  to  the  steady-state  accuracy.  Regarding 
the  alternative  between  range-rate  and  delta-range 
observables,  the  carrier  phase  measurement  accuracy 
provided  by  the  ARP-GPS  receiver  is  greatly  in  favour 
of  the  delta-range  option  (nearly  10  times  more 
accurate  than  the  range-rate).  The  size  of  the  state 
vector  is  the  same  in  both  cases,  and  the  observable 
processing  complexity  is  quite  similar. 


Another  way  to  supplement  the  "coarse”  pseudo-range 
accuracy  is  to  use  the  carrier  cycle  count  observable  as 
a  position  measurement  by  calibrating  at  first  the 
random  Doppler  constant  representing  the  actual 
pseudo-range  at  GPS  satellite  acquisition.  This 
integrated  Doppler  method  is  certainly  the  most 
accurate  one  (ref[l],[2]),  both  in  terms  of  bandwidth 
and  accuracy.  However  it  requires  to  augment  the  state 
vector  by  the  Doppler  constants,  i.e.  as  many  as  the 
number  of  simultaneously  tracked  satellites  (at  least 
4).  This  state  augmentation,  together  with  the  various 
matrix  manipulations  that  are  needed  to  cope  with 
GPS  satellite  switching  (covariance  matrices 
reinitialisation)  make  the  Kalman  filter  computations 
much  more  bundersome  and  very  sensitive  to  the 
number  of  tracked  satellites.  For  a  flight  software,  this 
option  is  then  recommended  only  to  cope  with  very 
stringent  performance  specifications. 

In  the  ATV  case,  the  specified  performance  level 
allows  to  choose  the  pseudo-range/delta-range 
observables  option  as  the  best  compromise  between 
performance  and  on-board  software  complexity.  This 
choice  allows  to  work  with  a  relatively  small  state 
vector  (8  states)  made  of: 

-  3  relative  position  estimates* 

-  3  relative  velocity  estimates* 

- 1  relative  clock  bias  estimate 

- 1  relative  normalised  frequency  error  estimate 

(*)  relative  position  and  velocity  are  expressed  in  the  target  LV/LH 

frame 

3.2  GPS  satellites  selection  algorithm 

Only  GPS  satellites  that  are  available  from  both  chaser 
and  target  receivers  are  used  as  recommended  in 
refI3].  It  has  been  chosen  to  work  always  with  a  four 
GPS  satellite  configuration  (if  available)  in  order  to 
minimise  the  computation  load  involved  in  the 
measurement  update  processing.  Simulations  have 
shown  that  only  about  10%  degradation  of  the 
Geometric  Dilution  Of  Precision  (GDOP)  results  from 
this  limitation.  However,  it  is  important  not  to  replace 
the  saved  workload  by  a  complex  GPS  satellite 
selection  algorithm.  Therefore,  a  simplified  selection 
algorithm  based  on  the  thetraedral  volumic  aiteria 
(ref[5],  section  6)  is  preferred  to  a  complete  GDOP 
minimisation  algorithm.  The  average  GDOP  value  of 
the  selected  combinations  with  the  simplified 
algorithm  is  about  10%  higher  than  the  average  value 
obtained  with  the  GDOP  minimisation  algorithm. 
This  difference  does  not  induce  a  significant  impact 
on  the  navigation  performances. 

3.3  RGPS  Filter  Characteristics 

The  RGPS  navigation  filter  is  based  on  a  Linearized 
Kalman  Filter  (LKF).  Unlike  an  Extended  Kalman 
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Filter  which  computes  a  numerical  integration  to 
perform  state  propagation,  a  LKF  uses  the  same  linear 
transition  matrix  for  the  state  and  covariance 
propagation.  The  UD  form  of  the  covariance  matrix  is 
used  in  order  to  preserve  naturally  the  positiveness. 

State  Propagation 

A  simple  linear  transition  matrix  based  on  the  first 
order  Clohessy  Whiltshire  equations  proves  to  be 
adequate  for  propagation  of  the  relative 
position/velocity  states.  It  was  tested  that  neither  the 
second  order  term  of  the  Clohessy  Whiltshire 
equations  nor  the  addition  of  the  differential  J2 
perturbation  bring  any  significant  improvement  in  the 
end  performance,  due  to  the  small  relative  distance 
between  both  spacecraft’s  (  <  12  km).  The  control 
thrusts  in  turn  need  to  be  accounted  for  to  feed  the 
propagation  dynamics. 

State  Update 

State  update  is  performed  at  1  Hz  on  the  basis  of  the 
relative  raw  data  obtained  by  direct  difference  between 
chaser  and  target  pseudo-range/delta-range  data.  The 
"measurement  sharing  technique”  is  used  to  update 
sequentially  the  covariance  matrix  (directly  in  UD 
form)  while  computing  as  many  gain  vectors  as  there 
are  simultaneous  measurements  (nominally  8 
measurements  for  a  configuration  of  4  satellites).  A 
global  measurement  residuals  vector  is  made  by 
subtracting  predicted  measurements  (based  on  the 
propagated  state  estimate)  from  current 
measurements.  A  global  state  correction  is  then 
computed  by  applying  the  correct  combination  of  gain 
vectors/observation  matrices  to  the  measurement 
residual  vector. 

Timing  and  synchronization  problems 

The  bias  cancellation  property  of  the  RGPS  technique 
relies  essentially  on  the  simultaneity  of  the  chaser  and 
target  GPS  data  acquisition  that  are  subtracted  to  get 
the  relative  GPS  observables.  This  is  particularly 
important  for  cancellation  of  the  selective  availability 
which  undergoes  relatively  short  term  time  variation. 
For  this  reason,  it  is  of  major  importance  to  insure  the 
best  possible  synchronization  of  both  receivers,  despite 
the  fact  that  they  are  physically  separated.  This  can  be 
obtained  by  insuring  that  the  1  Hz  GPS  measurement 
cycle  be  synchronous  with  the  true  GPS  time 
estimated  within  each  receiver.  The  remaining 
desynchronization  effect  is  then  the  relative  clock  bias, 
which  is  accounted  for  in  the  filter.  However,  the 
possibility  to  deal  with  asynchronous  1  Hz  time- 
tagged  data  has  been  implemented  within  the  RGPS 
filter.  This  is  done  by  including  in  the  measurement 
prediction  equations  a  Taylor  series  development  with 


respect  to  the  target/chaser  desynchronization 
(obtained  from  relative  time  tag).  A  discussion  of 
synchronization  problems  encountered  experimentally 
is  given  in  ref[2]. 

The  second  major  timing  issue  is  the  target  GPS  data 
ageing  due  to  the  UHF  link  transfer  delay  (<  2  sec). 
Chaser  data  are  then  bufferized  to  wait  for  the 
corresponding  target  data.  In  order  to  limit  the  delay 
on  the  output  estimates  of  the  RGPS  filter,  the  state 
estimate  is  interpolated  back  to  the  date  of  the 
available  relative  measurement  before  proceeding  to 
the  measurement  prediction. 

3.4  Specificities  of  the  delta-range  processing 

The  delta-range  observable  (difference  between  to 
succesive  carrier  cycle  counts),  is  strictly  equivalent  to 
the  variation  of  the  pseudo-range  over  one 
measurement  cycle  (1  sec  in  our  case)  including  the 
GPS  receiver  clock  stability  impact. 

As  it  is  stated  in  ref[5]  (p  4-14),  the  processing  of  the 
so-called  delta-range  observable  is  not  straight 
forward.  The  major  problem  arises  from  the  fact  that 
the  actual  delta-range  is  not  a  direct  function  of  the 
current  state  vector,  but  rather  a  function  of  the 
current  and  previous  step  state  vectors.  Unless  the 
standard  state  vector  is  doubled  to  include  the 
position/velocity  components  at  the  beginning  and  end 
of  each  step  (better  use  the  integrated  Doppler  solution 
in  this  case),  the  user  is  bounded  to  make  some 
simplifications  while  preserving  the  actual  accuracy  of 
the  overall  filtering  scheme,  by  spoiling  the 
intrinseque  accuracy  of  the  Doppler  count  data. 


Our  experience  on  the  subject  lead  to  adopt  the  delta- 
range  processing  of  figure  3.3/1. 


Figure  3J/1  -  Processing  of  the  GPS  observables 
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Where: 

xj  is  the  estimated  state  vector  after  update  at  step  n 
x;  is  the  estimated  state  vector  before  update  at  step  n 
are  the  corresponding  covariance  matrices 
(actually  in  UD  form) 

H*  is  the  ith  measurement  observation  matrix 
APR  is  the  predicted  relative  pseudo  range 
ADR  is  the  predicted  relative  delta  range 

The  majOT  characteristics  of  this  processing  are 
summarised  hereafter: 

a/  The  relative  delta-range  prediction  (ADR^)  is 
made  by  back  differentiation  of  the  relative  pseudo¬ 
range  prediction  (aPR^ -APRn_i)/ At.  This 

formulation  allows  to  account  exactly  for  the  fact  that 
the  delta-range  represents  exactly  a  variation  of  the 
GPS  satellite  to  GPS  receiver  range  over  the 
integration  time  step  rather  than  an  instantaneous 
range-rate. 

b/  For  delta-range  prediction,  the  pseudo-range 
estimate  at  the  previous  step  is  recomputed  based  on 
the  updated  state  vector.  Eventually,  the  pseudo-range 
prediction  is  performed  twice  per  simulation  step,  for 
each  tracked  satellite.  This  feature  might  appear  as  a 
complexification  of  the  measurement  prediction 
computations,  however  this  is  balanced  by  the  fact  that 
relative  delta-range  estimates  are  straight  forwardly 
derived  from  pseudo-range  estimates.  Eventually,  only 
eight  complex  measurement  prediction  equations  (for 
4  GPS  satellites)  are  evaluated  at  each  step  to  deal 
with  eight  independent  observables. 

d  The  state  update  is  performed  globally  while  the 
covariance  matrix  computation  is  made  sequentially. 
This  feature  is  necessary  to  insure  that  the  predicted 
delta-range  estimate  strictly  represents  the  actual  state 
evolution  due  to  the  one-step  propagation. 

d/  The  observation  matrices  for  the  delta-range  are 
computed  based  on  a  range-rate  expression.  This 
approximation  allows  to  avoid  a  very  bundersome 
expression  that  would  be  obtained  by  true  time- 
derivation  of  the  true  relative  delta-range  expression 
(i.e.  pseudo-range  back-difference). 

Two  problems  have  been  encountered  in  the  design  of 
this  ^Ita-range  processing  and  have  been  solved  by 
using  the  above  implementation.  They  are  detailed 
hereafter: 

Approximating  delta-range  by  range-rate 

The  easiest  approximation  would  be  to  treat  the  delta- 
range  measurement  exactly  as  an  instantaneous  range- 
rate  data.  This  solution  allows  to  express  the  predicted 


delta-range  directly  as  a  function  of  the  current 
estimated  state  vector.  However,  the  authors  have 
found  that  the  resulting  accuracy  of  the  measurement 
prediction  is  not  satisfaactty  (at  the  mm/sec  level), 
because  it  induces  two  much  low  frequency  errors  in 
the  measurement  prediction  process.  This  error  comes 
from  the  approximation  of  a  mean  velocity  (delta- 
range)  over  the  integration  step  by  an  instantaneous 
velocity  expressitm  (range-rate).  Obviously,  the  first 
one  is  delayed  by  roughly  half  a  step  from  the  second 
one,  leading  to  an  errcx-  proportional  to  the  range-rate 
derivative.  The  following  simple  2D  example 
illustrates  the  typical  error  resulting  from  this 
approximation: 


V el|£ity  V  g  =  1 0  k  m/s 


GPS  sat 


The  relative  pseudo-range  is: 
APR  =  di-d2  =f  u 
The  relative  range-rate  is: 
ARR  =  di  -d2  =  ^•u-^u•r 
The  relative  delta-range  is: 

APR„-APR„_i  _ 


ADR„  = 


At 


At 


=  ARR.-—  ARR. 

n  2  ■’ 


Even  with  a  fixed  target/chaser  configuration,  the 
approximation  error  amounts  to  (At/2-u-r),  due  to 

the  moving  geometry  of  the  GPS  satellite  versus  the 
target/chaser  system.  The  figure  3.3/1  (from  above 
example)  illustrates  that  a  low  frequency  error  up  to  2 
mm/sec  can  result: 


Figure  3.3/1  -  Typical  prediction  error  resulting  from 
approximation  of  delta-range  by  range  rate 


Impossibility  to  update  the  state  vector  sequentially 

It  is  mandattwy  not  to  adopt  a  thoroughly  sequential 
algorithm  that  would  consist  in  updating  sequentially 
the  state  vector  together  with  the  covariance  matrix. 
This  implementation  problem  has  been  experimented 
by  the  authors  and  is  therefore  explained  here: 
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One  way  to  implement  the  measurement  sharing 
technique  is  to  treat  all  scalar  measurements 
sequentially  as  if  they  were  separated  by  a  null 
propagation  interval.  However,  this  scheme  generates 
at  each  step  intermediate  state  estimates  that  form  the 
basis  of  the  next  single  measurement  state  update.  In 
the  delta-range  case,  this  approach  is  not  possible 
because  it  corrupts  the  estimated  pseudo-range 
variation  with  the  evolution  due  to  the  previous  partial 
updates: 

The  actual  i^  delta  range  is  roughly  a  function  (h‘)of 
the  position  variation  over  the  step  At: 

An  i^  delta-range  prediction  based  on  a  partially 
updated  vector  (with  measurements  1  to  i-1) 
would  lead  to  the  following  expression: 


f 

'j 

^n-1 

=  h‘ 

xir‘-x; 

.  Xn-X:_i 

At  J 

At  At 

1  (i) 

(2)  ) 

The  term  (2)  is  homogeneous  to  the  mean  velocity 
(x„)  which  is  expected  to  be  observed  with  the  delta- 
range  observable.  The  term  (1)  represents  the  range 
variation  due  to  update  1  to  i-1.  It  pollutes  the 
accuracy  of  the  delta-range  prediction.  Its  contribution 
will  falsely  be  interpreted  as  an  error  in  the  estimated 
velocity. 

Consequently,  the  sequential  processing  must  be 
reserved  to  the  update  of  the  covariance  matrix  and 
computation  of  the  corresponding  Kalman  gain 
vectors.  As  for  the  measurement  prediction  and  state 
update,  it  must  be  based  solely  on  the  same  current 
"propagated"  and  previous  "updated"  state  estimates. 

3.5  RGPS  filter  tuning  and  dynamics 

The  tuning  of  the  RGPS  filter  involves  the  definition 
of  a  measurement  covariance  matrix  for  the  relative 
pseudo-range  and  relative  delta-range  observables,  as 
well  as  the  choice  of  a  propagation  model  noise 
covariance  matrix.  The  tuning  of  the  measurement 
noise  covariances  is  quite  natural  since,  unlike  in 
many  applications  of  Kalman  filtering,  the  relative 
measurement  errors  are  indeed  essentially  made  of 
uncorrelated  noise,  this  resulting  from  the  cancellation 
of  most  low  frequency  errors  due  to  the  differentiation 
of  target/chaser  measurements.  This  result  assumes 
that  the  errors  generated  by  the  GPS  receivers  are 
essentially  white  noise.  This  characteristics  is  even 
more  justified  for  the  relative  delta-range  observable 


which  results  from  two  successive  differentiations 
(target  from  chasCT  difference  +  one-step  time 
derivation).  According  to  the  noise  specifications  of 
the  Tensor™  receiver,  the  following  tuning  is 
selected: 

relative  pseudo-range  (lOm  la): 

Rpr  =  2xl02  =  200m2 
relative  delta-range  (6mm,  la): 

Rdr  =  2  X  2  X  (6  lO-^)^  =  1.44  lO'^  (m/s)* 

Note  that  a  factor  of  2  allows  to  account  for 
target/chaser  differentiation,  and  another  for  time 
derivation  of  Doppler  count  (delta-range  case). 

The  tuning  of  the  propagation  model  noise  matrix  is 
less  straight  forward  since  the  actual  errors  can  hardly 
be  directly  characterised  by  uncorrelated  random  noise 
(Clohessy  Whiltshire  errors,  control  actuation  errors 
It  was  then  preferred  to  perform  this  tuning  by 
experimental  optimisation  (simulation).  The  model 
noise  covariance  matrix  is  implemented  with  the 
following  structure  for  each  position/velocity  pair[?]: 


where  dt  is  the  1  sec  sampling  period. 

A  value  of  K  =  5  10-7  mVsec  has  been  found  as  the 
best  compromise  for  position/velocity  performance. 
For  larger  values  of  K,  the  delta-range  measurement  is 
poorly  filtered  and  the  corresponding  velocity 
performance  sticks  to  the  delta-range  noise  at  about  1 
cm/sec  (la)  (full  confidence  in  the  delta-range 
measurement).  For  lower  values  of  K,  the  position 
performance  degenerates  into  a  model  drift,  as  the 
Kalman  filter  puts  too  less  weight  on  the  pseudo-range 
data. 

With  the  above  correct  tuning,  the  behaviour  of  the 
RGPS  filter  can  be  interpreted  as  the  following:  The 
velocity  estimate  is  very  accurate  thanks  to  the 
millimetric  relative  delta-range  measurement. 
Consequently,  most  of  the  filtering  of  the  pseudo¬ 
range  data  is  performed  according  to  a  prediction 
relying  mostly  on  velocity  integration  rather  than 
dynamics  model  propagation.  With  respect  to  the 
position  estimate,  the  delta-range  measurement  acts 
almost  as  a  propagation  model,  providing  both  a  fast 
time  response  of  the  filter,  and  a  high  robustness  to 
model  errors  such  as  the  thrusters  actuation  errors. 
This  explains  why  a  quite  simple  propagation  model 
featured  by  the  first  order  Clohessy  Whiltshire 
equations  is  quite  sufficient  to  achieve  the  desired 
performance.  It  also  explains  why,  when  inaeasing  K 
up  to  10“^  mVsec,  the  position  error  does  not  quite 
grow  up  to  the  pseudo-range  measurement  error,  but 
instead  remains  below  2  meters  accuracy. 
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This  simple  physical  interpretation  of  the  pseudo¬ 
range  +  delta-range  RGPS  filter  behaviour  allows  us 
to  derive  approximate  dynamics  characteristics  in 
steady-state: 

The  position  estimate  is  mainly  formed  by  a 
ccxnbination  of  averaged  pseudo-range  measurements 
over  a  time  period  tpj.,  while  relying  on  delta-range 
integration  over  the  same  time  period.  Xp^  can  then  be 
determined  as  the  duration  over  which  averaging 
pseudo-range  noise  and  integrating  delta-range  noise 
amount  to  the  same  error  contribution  (according  to 
the  tuning  of  measurement  noise  covariances),  leading 
to; 


According  to  the  same  logic,  the  time  constant  of  the 
delta-range  measurement  filtering  is  determined  by 
the  equivalence  of  averaged  delta-range  measurement 
noise  and  integrated  velocity  propagation  model  noise 
over  the  same  time  period  this  yields; 


These  results  show  that  the  delta-range  measurement 
is  the  key  feature  to  this  RGPS  filter  that  provides  a 
high  bandwidth  (<  20sec  time  constant)  that  can  be 
accounted  for  in  the  control  design,  while  allowing  a 
very  extensive  filtering  of  the  pseudo-range  much  less 
accurate  data.  Note  that  the  initial  convergence  of  this 
filter  in  position  is  much  faster  than  illustrated  by  the 
steady  state  1200  sec  filtering  time  constant,  thanks  to 
the  much  higher  initial  gains  obtained  through  the 
unstationnary  feature  of  the  Kalman  filter. 

4.  Preliminary  RGPS  performance  results 

At  the  time  being,  the  high  fidelity  close  loop 

functional  simulator  dedicated  to  the  full  RVC 

validation  (see  §  5),  including  the  relative  GPS 
navigation,  is  not  yet  operational.  However,  the 
design,  tuning  and  preliminary  validation  and 

performance  assessment  of  the  above  RGPS 
navigation  algorithm  has  been  carried  out  on  a 

simplified  simulator.  This  simulator  features  a  closed 
loop  rendezvous  system  with  accurate  simulation  of 
target  and  chaser  spaceaaft  dynamics,  emulation  of 
GPS  raw  data  based  on  a  realistic  24  satellites  GPS 
constellation  with  ionospheric  errors,  commendable 
desynchronization  between  chaser/target  measur¬ 
ements,  typical  guidance  and  control  functions  and 
chaser  thruster  system,  allowing  the  achievement  of 
representative  close  loop  simulations  featuring  free 
drift,  homing  and  closing  phase  using  RGPS. 


The  major  simplifications  implemented  in  this 
simulator  are; 

-  The  SA  error  applied  is  the  same  for  chaser  and 
target  data  assuming  perfect  synchronization. 

-  The  absolute  navigation  function  is  emulated  as  a 
black  box  that  corrupts  the  actual  ATV 
position/velocity  vector  with  errors  representative 
of  a  filtered  absolute  navigation  estimation  with 
C/A  code  GPS  data  and  SA  active. 

-  The  lever  arm  between  GPS  antenna  and  centre 
of  mass  is  neglected,  eliminating  the  effect  of 
residual  attitude  motion. 

-  The  data  transfer  delay  between  ISSA  and  ATV 
is  neglected  assuming  direct  availability  of  both 
GPS  outputs  immediately. 

The  clock  errors  of  both  receivers  are  modelled  as  a 
first  order  gauss-markov  process  on  the  normalised 
frequency  error  with  rms  vdue  10*^  and  time  constant 
1  year.  Clock  biases  are  initialised  at  1  msec  error. 

Thruster  errors  are  simulated  as  follows: 

misalignment  bias  1°  (3o) 

misalignment  noise  0.5°  (3o) 
scale  factor  error  2%  (3o) 

The  performance  results  obtained  on  a  full  scale  Vbar 
approach  scenario  featuring  initialisation  in  fi'ee-drift 
followed  by  a  homing  phase  and  a  closing  phase  are 
illustrated  in  figures  4/1,2.  Through  a  preliminary 
limited  statistical  simulation  campaign  (50  runs),  the 
achieved  performance  can  be  summarised  by: 

position  error  <  2.5  m  (3a) 
velocity  error  <  5  mm/sec  (3a) 

These  results  are  very  satisfactory  with  respect  to  the 
specification,  and  yield  a  comfortable  margin  to 
account  for  the  simplifications  involved  in  this 
preliminary  performance  evaluation. 

Sensitivity  to  desynchronization 

The  effect  of  the  target/chaser  GPS  receivers 
desynchronization  has  been  evaluated  separately  as 
the  single  error  source  in  otherwise  ideal  simulations; 
The  results  shown  in  table  4/1  show  that  despite  the 
open  loop  compensation,  its  effect  becomes  dominant 
for  measurement  date  offsets  greater  than  200  msec. 
Moreover,  the  effect  of  differential  selective 
availability  would  show  up  through  desynchro¬ 
nization.  A  preliminary  analytical  evaluation  of  its 
impact  (table  4/1)  based  on  a  second  order  gauss 
markov  model  (range  23  m,  range-rate  0.28  m/sec, 
la,  120sec  time  constant)  allows  to  expect  a 
significant  impact  on  the  velocity  performance.  Note 
that  for  these  reasons,  it  is  requested  to  limit  the 
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desynchronization  to  less  than  10  msec  (1  msec  would 
be  achieved  by  using  two  ARP-GPS  receivers). 


Desynchronization  level 

0.1  sec 

0.2  sec 

0.3  sec 

Desynchro,  only 
(simulation  results) 

1.2  m 

3  mm/s 

3m 

6  mm/s 

5  m 

10  mm/s 

Differential  SA 
only  (analytical 
expectations) 

0.5  m 

5  mm/s 

Im 

10  mm/s 

1.5  m 
15  mm/s 

Table  4/1  -  Impact  of  desynchronization  and 
differential  selective  availability  on  RGPS 
performances 

5.  Development  of  the  RVC  functional  simulator 

The  complete  definitive  software  implementation  of 
the  above  RGPS  filter  is  currently  being  carried  out 
within  the  global  RVC  functional  simulator.  This 
functional  simulator  will  contain  the  exact  software 
processing  involved  in  the  whole  navigation, 
guidance,  control,  and  mission  and  vehicle 
management  functions  that  are  developed  for  the 
prototype  ATV  rendezvous  system.  The  resulting  RVC 
simulator  will  interface  with  high  fidelity 
environmental  models  derived  from  the  ESA 
simulation  facility  EUROSIM,  including  chaser  and 
target  actual  dynamics,  all  attitude  and  navigation 
sensors,  a  detailed  model  of  the  ATV  reaction  control 
system  and  an  emulation  of  the  ISSA/ATV  UHF  link 
covering  transfer  delay  and  synchronisation  issues. 
This  closed  loop  simulator  will  be  used  to  validate  the 
navigation  performance  results  through  an  extensive 
simulation  campaign. 

For  this  prototype  software,  ESA  has  chosen  to  apply  a 
new  software  development  approach  taking  benefit  of 
the  design  and  automatic  software  generation  tools 
Xmath/SystemBuild  by  ISI.  The  basic  idea  is  to  obtain 
from  the  algorithm  designers  (specifiers)  a  complete 
SystemBuild  version  of  the  RVC  algorithms  that  will 
be  used  at  design  and  validation  level  within  the  high 
fidelity  functional  simulator.  The  same  SystemBuild 
RVC  software  will  then  be  mapped  into  an  autocoded 
C-language  RVC  software  that,  after  interfaces 
adaptation,  shall  then  be  loaded  onto  the  target  ATV 
breadboard  for  real-time  ground  simulation/validation. 

A  detailed  mathematical  C-coded  software  model  of 
the  GPS  receivers  is  then  currently  being  developed 
for  use  within  the  functional  simulator  (SystemBuild 
level)  and  later  on  the  real-time  ground  simulation 
facility.  Both  target  and  chaser  receiver  models  will 
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interface  with  a  high  fidelity  simulator  of  the  GPS 
constellation  and  associated  GPS  signal  errors  and 
navigation  data  content. 

6.  Validation  process 

One  step  is  the  verification  of  the  achievable 
performances  by  running  Monte-Carlo  simulations 
with  the  high  fidelity  functional  simulator.  But  this 
simulator  is  made  of  software  models  that  shall  be 
validated  by  comparison  with  the  real  world;  this  is 
the  objective  of  the  validation  campaign  to  be  carried 
out  in  the  ARPK  program  (ref  [6]). 

The  first  step  will  be  the  validation  of  the  GPS 
receiver  software  model  in  the  ESTEC  GPS  laboratory 
using  the  ARP  GPS  receiver.  The  GPS  Lab  features  a 
NTC  GPS  measurement  environment  simulator  that 
permits  to  generate  RF  signals  to  be  plugged  in  a  real 
GPS  receiver.  This  way,  the  GPS  receiver  output  and 
the  GPS  receiver  software  model  can  be  compared  for 
various  flight  conditions. 

This  validation  will  be  completed  in  the  frame  of  the 
RGPS  navigation  "open  loop”  tests;  the  chaser  and 
target  GPS  raw  data  are  generated  with  the  ARP  GPS 
receiver  and/or  the  GPS  receiver  software  model  and 
the  RGPS  navigation  algorithms  are  run  with  the 
different  raw  data  inputs  in  order  to  estimate  the 
relative  position  and  velocity.  This  test  permits  to 
verify  that  the  RGPS  navigation  performances  are 
achieved  and  also  to  complete  the  validation  of  the 
GPS  receiver  software  model. 

The  final  step  of  the  RGPS  validation  is  the  execution 
of  flight  tests;  the  flight  tests  are  necessary  in  cwder  to 
validate  hypotheses  that  are  made  for  the  simulation 
on  ground  of  the  GPS  measurements  (space 
environment,  delays,  multipath,  ionospheric 
effects,...).  The  basic  results  of  the  flight  tests  will  be 
the  recorded  GPS  raw  data  of  the  chaser  and  target 
GPS  receivers;  they  will  be  used  for  validation  of  the 
ground  simulator  (by  comparison  with  GPS  Lab¬ 
generated  receiver  raw  data)  and  for  validation  of  the 
RGPS  navigation  performances  (by  running  the  RGPS 
algorithms  with  recorded  raw  data  and  comparison 
with  the  real  relative  trajectory).  Two  flight  tests  are 
currently  foreseen  in  the  fi'ame  of  ARP;  one  with  the 
Shuttle  deploying  the  scientific  DASA  satellite 
ASTROSPAS  as  the  second  space  vehicle  and  the 
other  with  the  Shuttle  rendezvousing  with  Mir. 

This  proposed  incremental  scheme  allows  to  verify  all 
the  critical  elements  of  the  RGPS  navigation  chain 
and  to  demonstrate  the  applicability  of  the  RGPS 
technology  for  the  ATV  to  ISSA  rendezvous. 


7,  Conclusion 

The  relative  GPS  navigation  filter  for  ATV  to  ISSA 
rendezvous  has  been  presented.  A  particular  effort  in 
on-board  software  load  minimisation  has  allowed  to 
obtain  satisfying  performances  while  keeping  the  state 
vector  at  a  reasonable  size  (8  states).  The  processing 
of  differentiated  carrier  cycle  count  data  has  been 
succesfiilly  implemented  to  benefit  fi-om  the  very  good 
accuracy  of  carrier  phase  data.  Helpfull 
recommendations  on  the  use  of  this  observable  have 
been  derived.  An  ambitious  software  and  hardware 
validation  plan  will  allow  to  assess  more  precisely  the 
performances  of  this  RGPS  navigation. 
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ABSTRACT 

A  new  approach  to  Air  TVaffic  Control  (ATC)  calls  for 
every  aircraft  to  periodically  broadcast  its  GPS  de¬ 
rived  position.  The  position  reports  will  be  received 
by  ATC  controllers,  and  will  be  used  for  aircraft  track¬ 
ing  and  conflict  prediction.  This  technique  is  expected 
to  increase  the  quality  and  extent  of  ATC  surveillance 
coverage,  and  to  provide  a  highly  accurate  Collision 
Avoidance  System. 

In  this  study  we  identify  the  required  elements  of  the 
appropriate  tracking  algorithms,  and  estimate  the  im¬ 
provement  in  tracking  accuracy  that  can  be  obtained 
by  using  this  technique.  A  measurement  error  model 
that  matches  the  correlation  functions  of  both  position 
and  velocity  errors  is  identified.  This  model  is  com¬ 
bined  with  two  aircraft  models  in  an  adaptive  Kalman 
filter.  A  switching  logic  provides  the  best  position  and 
velocity  estimates  during  all  phases  of  flight,  and  guar¬ 
antees  smooth  transition  of  the  estimates  during  satel¬ 
lite  constellation  changes. 

The  filter  performance  is  checked  in  a  Monte  Carlo 
simulation,  using  real  GPS  data  and  simulated  aircraft 
motion.  The  simulation  includes  the  effect  of  an  imper¬ 
fect  radio  data  link  due  to  message  interference.  The 
tracking  accuracy  is  then  compared  to  the  performance 
of  modern  ATC  radar  trackers.  The  effect  of  the  im¬ 
proved  surveillance  accuracy  on  minimum  separation 
standards  is  demonstrated. 

I.  INTRODUCTION 

Air  Traffic  Control  (ATC)  requires  timely  and  accurate 
information  on  aircraft  position,  velocity  and  heading. 
This  information  is  obtained  today  using  radar  systems 
that  are  limited  in  both  accuracy  and  coverage.  A  new 
approach  to  ATC  suggests  that  every  aircraft  will  peri¬ 
odically  broadcast  its  position  and  possibly  velocity,  as 
measured  by  an  on-board  GPS  receiver.  The  reports 
will  be  received  by  ATC  ground  controllers,  and  will 
be  used  for  aircraft  tracking  and  conflict  prediction. 


This  technique,  now  being  evaluated  in  trials  around 
the  world,  is  known  as  Automatic  Dependent  Surveil¬ 
lance  (ADS)  [1].  It  is  expected  to  increase  the  ATC 
surveillance  accuracy  and  to  allow  a  decrease  in  the 
minimum  separation  standards.  Eventually,  it  should 
provide  the  freedom  to  select  optimum  routes  and  al¬ 
titudes  for  time  and  fuel  savings. 

A  major  element  in  any  ATC  surveillance  system  is 
the  tracking  filter,  which  provides  smooth  estimates 
of  the  aircraft  position,  velocity  and  heading,  based 
on  noisy  position  measurements.  Most  of  the  existing 
research  on  aircraft  tracking  and  tracking  filter  design 
assume  that  the  aircraft  position  is  measured  by  radar 
[2-5].  Using  GPS  as  the  position  sensor  requires  a  new 
design  of  the  tracking  filter,  since  the  nature  of  the 
measurement  errors  in  this  case  is  very  different  from 
the  nature  of  the  current  radar  measurement  errors. 

In  addition  to  the  geometric  difference  between  the 
two  systems  -  radar  accuracy  depends  on  the  distance 
from  the  radar,  whereas  GPS  accuracy  is  uniform  world¬ 
wide  -  we  observe  a  rnuch  larger  time  constant  in  GPS 
position  errors  than  the  almost  white  radar  measure¬ 
ment  errors.  An  appropriate  measurement  error  model 
should  be  identified  and  incorporated  in  the  new  track¬ 
ing  filter  design.  Other  possible  error  sources  should  be 
identified  and  treated  appropriately. 

The  objective  of  this  work  is  therefore  to  design  an 
aircraft  tracking  filter,  which  uses  measurements  pro¬ 
vided  by  airborne  GPS  receivers.  Through  the  tracking 
filter  design  process,  we  wish  to  identify  and  solve  the 
major  problems  that  might  occur  in  GPS-based  air¬ 
craft  tracking.  We  then  study  the  performance  of  the 
new  tracking  filter  and  compare  its  tracking  accuracy 
with  the  performance  of  current  ATC  radar  trackers. 
Finally,  we  estimate  the  effect  of  the  improved  surveil¬ 
lance  accuracy  on  aircraft  separation  standards. 

We  treat  the  GPS  receiver  as  a  standalone  sensor, 
unaided  by  air  data,  INS  or  differential  corrections.  In 
that  case  the  position  measurement  errors  are  governed 
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by  Selective  Availability  (SA).  Note  that  these  errors 
are  different  from  pure  ranging  errors,  and  the  work 
done  on  SA  model  identification  [6]  is  not  directly  ap¬ 
plicable  in  this  case.  In  section  2  of  this  paper  we  iden¬ 
tify  an  appropriate  measurement  error  model  by  ana¬ 
lyzing  real  GPS  data.  The  data  is  analyzed  with  spe¬ 
cial  emphasis  on  the  relationship  between  the  position 
and  velocity  errors,  since  we  would  like  to  determine 
the  possible  benefits  of  including  velocity  information 
in  the  aircraft  report. 

The  tracking  filter  should  combine  the  measurement 
error  model  with  a  dynamic  model  for  the  aircraft  mo¬ 
tion.  Section  3  provides  a  brief  description  of  vari¬ 
ous  aircraft  models,  and  the  actual  tracking  filter  de¬ 
sign  is  described  in  section  4.  Section  5  compares  the 
GPS  tracking  accuracy  with  the  accuracy  of  ATC  radar 
trackers,  and  section  6  demonstrates  the  effect  of  the 
increased  surveillance  accuracy  on  the  minimum  sepa¬ 
ration  standards.  Section  7  concludes  the  paper. 

IL  ERROR  MODEL  IDENTIFICATION 

The  first  step  in  tracking  filter  design  is  identification 
of  the  error  model.  This  was  done  by  analyzing  a  data 
base,  composed  of  several  five-hour-long  recordings  of 
GPS  position  and  velocity  errors.  The  recordings  were 
made  at  a  basic  sampling  rate  of  IHz,  on  different  days, 
at  different  times  of  the  day,  using  a  static  Trimble 
4000-SSE  receiver  located  at  Stanford  University. 

Data  Analysis 

The  time  constants  of  the  position  and  velocity  errors 
were  estimated  at  the  point  where  the  autocorrelation 
function  of  the  data  reaches  1/e  of  its  value  at  zero  lag. 
The  average  time  constant  of  the  position  error  was 
139.7  seconds.  This  is  smaller  than  the  value  usually 
associated  with  SA,  which  is  190  seconds  [6].  This 
indicates  that  SA  models  are  not  directly  suitable  to 
model  the  position  errors. 

The  average  time  constant  of  the  velocity  error  is  sig¬ 
nificantly  large  (83.1  sec).  The  velocity  error  is  there¬ 
fore  not  white  as  sometimes  assumed  [7],  but  rather 
correlated.  In  order  to  identify  the  possible  benefits  of 
additional  velocity  reports,  we  were  interested  in  a  dy¬ 
namic  model  that  matches  the  correlation  of  both  po¬ 
sition  and  velocity  errors.  This  requires  some  analysis 
of  the  relationship  between  the  two  error  components. 

We  compared  between  the  velocity  solution  of  the 
receiver  and  the  velocity  estimated  by  first  difference 
of  the  position  solution.  The  difference  between  the 
two  values  was  smaller  than  0.05  m/s  for  about  80% 
of  the  time.  This  is  one  of  the  indications  that  the 
velocity  error  can  usually  be  treated  as  a  derivative  of 
the  position  error. 


We  have  observed  sharp  transitions  between  periods 
of  agreement  and  non-agreement  of  the  two  velocity 
values.  The  transitions  were  always  associated  with 
a  satellite  constellation  change.  Sudden  steps  in  GPS 
error  due  to  satellite  set  transitions  can  be  a  major 
error  source  in  aircraft  tracking  [8],  and  we  must  pay 
special  attention  to  these  transitions  when  designing 
the  tracking  filter. 

The  transfer  function  between  the  position  and  ve¬ 
locity  errors  was  estimated  by  computing  the  ratio  be¬ 
tween  their  power  spectral  densities.  The  results  showed 
that  we  can  consider  the  velocity  error  as  a  derivative 
of  the  position  error  and  use  one  dynamic  model  for 
both  errors. 

The  identification  of  the  dynamic  error  model  is  based 
on  estimating  the  sample  autocorrelation  function  of 
the  data  and  fitting  it  with  autocorrelation  functions 
of  known  models. 


Simple  Gauss-Markov  Processes 

Simple  Gauss-Markov  processes  can  be  described  by 
the  following  transfer  function: 


*(«) 


(« + 


u;(s) 


(1) 


where  u;(s)  describes  a  zero  mean  white  noise  input 
with  spectral  density  Q,  and  n  is  the  process  or¬ 
der.  For  n  =  1,  x(f)  is  an  exponentially  correlated  sig¬ 
nal.  The  rate  of  change  of  an  exponentially  correlated 
signal  is  white,  whereas  the  experimental  data  clearly 
shows  that  the  velocity  error  is  correlated.  This  leads 
us  to  higher  order  models. 

We  derived  the  autocorrelation  functions  of  high  or¬ 
der  (n  =  2,3,4)  simple  Gauss  Markov  processes  and 
selected  Q  and  /?  to  match  the  value  of  the  empiri¬ 
cal  position  autocorrelation  at  zero  lag  and  at  the  1/e 
point.  This  however  does  not  guarantee  that  the  veloc¬ 
ity  autocorrelation  will  match  the  experimental  data, 
as  shown  in  figure  I  for  n=2.  Matching  both  posi¬ 
tion  and  velocity  autocorrelations,  at  both  zero  lag  and 
1/e  points  requires  four  free  parameters,  where  simple 
Gauss  Markov  processes  have  only  two.  This  leads  to 
a  general  3rd  order  process. 


A  General  3rd  Order  Gauss-Markov  Process 

A  general  3rd  order  Gauss-Markov  process  can  be  de¬ 
scribed  by  the  following  transfer  function: 

^  n)(«^  -I- 

In  this  case  we  have  four  free  parameters  (a,a;,C  and  Q), 
We  can  use  them  to  match  the  correlation  functions  of 
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Position  Autocorrelation  [  m^2 ) 


Figure  1:  Auiocorrelaiion  functions  of  a  simple  2nd  or¬ 
der  and  a  general  Srd  order  GM  processes.  The  doited 
lines  are  autocorrelations  of  three  different  five-hour- 
long  recordings  of  GPS  position  and  velocity  errors, 

both  position  and  velocity  at  the  required  time  points. 
The  results,  depicted  in  figure  1  for  a^O.OOCTsec”^, 
u;=0.01634sec^^  C=0.3057  and  Q=10.6562  lOWsec, 
show  good  agreement  up  to  300  seconds  lag. 

The  measurement  error  model  should  be  combined 
with  a  dynamic  model  for  the  aircraft  motion.  The 
next  section  proposes  several  such  models. 

III.  DYNAMIC  AIRCRAFT  MODELS 

Civil  aircraft  have  two  basic  modes  of  flight:  uniform 
motion  and  maneuvering.  The  uniform  motion  mode 
can  be  described  by  a  2nd  order  kinematic  (constant 
velocity)  model: 

i(t)  =  (3) 

Vxit)  =  (4) 

where  is  zero  mean  white  noise  with  appropriate 
spectral  density,  which  accounts  for  the  small  acceler- 
ation  disturbances  in  this  stage  of  flight.  The  same 
model  applies  in  the  y  direction. 

In  order  to  account  for  the  aircraft  accelerations  dur¬ 
ing  maneuvers,  the  model  order  can  be  increased: 


=  Vx(t) 

(5) 

Vxit) 

=  a*(0 

(6) 

axit) 

=  Wait) 

(7) 

where  lya(^)  is  zero  mean  white  noise,  which  accounts 
for  acceleration  increments  (‘jerks’)  during  aircraft  ma¬ 
neuvers.  The  aircraft  acceleration  is  assumed  to  be 
nearly  constant  in  this  model. 


A  more  accurate  description  of  the  kinematic  be¬ 
havior  during  a  turn  is  given  by  the  coordinated  turn 
model,  which  assumes  a  constant  turn  rate  at  a  con¬ 
stant  speed 


m 

= 

V  cos  jit)  +  Wx(t) 

(8) 

iiit) 

V  sin  y(t)  +  Wy(t) 

(9) 

7(0 

= 

u  +  w^(t) 

(10) 

where  7  is  the  aircraft  heading,  and  a;  is  the  turn  rate. 
The  various  disturbances  and  modeling  errors  are  ac¬ 
counted  for  by  adding  the  appropriate  noise  terms  [4]. 

The  turn  rate  w  in  this  model  can  be  set  to  a  fixed, 
preselected  value,  or  extracted  from  the  estimated  state 
vector.  In  that  case  the  discrete  time  model  is  nonlin¬ 
ear  in  a;,  and  requires  an  Extended  Kalman  Filter. 

IV.  TRACKING  FILTER  DESIGN 

The  tracking  filter  should  combine  a  measurement  er¬ 
ror  model  with  an  aircraft  model.  The  general  problem 
of  tracking  filter  design  with  correlated  measurement 
noise  is  discussed  first.  We  then  select  a  simple  air¬ 
craft  model,  combine  it  with  several  error  models  and 
compare  the  performance  of  the  resulting  tracking  fil¬ 
ters  by  using  a  Monte  Carlo  simulation.  Based  on  this 
study  we  decide  on  a  specific  error  model  to  be  used 
in  the  tracking  filter,  and  check  its  performance  with 
several  aircraft  models. 

Correlated  Measurement  Noise 

The  aircraft  model  and  the  measurement  error  model 
can  be  described  by  the  following  linear  systems: 

a;(jb-|-l)=  ^x{k)  +  w{k)  W'^NiO^W)  (11) 

e(fc-hl)=  v^N{0,V)  (12) 

where  x  is  the  aircraft  state  vector,  e  is  the  state  vec¬ 
tor  of  the  measurement  error  model,  and  w  and  v  are 
independent,  zero  mean  white  noise  vectors.  The  mea¬ 
surement  vector  z  is  a  linear  combination  of  x  and  e: 

z{k)  =  Cxik)  +  De{k)  (13) 

The  tracking  filter  should  provide  an  optimal  estimate 
of  the  aircraft  state  vector  x.  In  order  to  use  the 
Kalman  Filter  formulation,  the  dynamic  model  (Eqs. 
11-13)  should  be  expressed  as  a  linear  system  with 
white  process  and  measurement  noise.  This  is  usually 
achieved  by  augmenting  the  aircraft  state  vector  with 
the  error  model  state  vector: 


The  augmented  state  space  system  is: 


■  *(fc+l)  ■ 

■  ^  O' 

■  x(l:) 

4- 

w{k) 

e(lr  +  l) 

0 

.  . 
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and  the  measurement  equation  is: 


Error  model  selectioti 


The  augmented  system  has  white  plant  noise  as  re¬ 
quired,  but  has  no  measurement  error,  since  the  white 
noise  driving  the  error  model  is  now  part  of  the  aug¬ 
mented  process  noise.  This  can  lead  to  a  singular  co- 
variance  matrix  in  the  Kalman  filter  equations,  since 
linear  combinations  of  the  augmented  state  elements 
are  known  perfectly  [9]. 

A  possible  solution  to  this  problem  is  to  assign  some 
small  artificial  value  to  the  measurement  noise  covari¬ 
ance  matrix.  This  value  accounts  for  unmodeled  mea¬ 
surement  errors,  and  serves  as  a  design  parameter,  cho¬ 
sen  to  match  some  specific  performance  requirements. 

We  have  derived  a  more  rigorous  solution  to  the  cor¬ 
related  measurement  noise  problem.  It  is  based  on 
generating  a  pseudo-measurement,  which  is  a  linear 
combination  of  two  consecutive  measurements.  This 
pseudo-measurement  is  corrupted  by  white  noise,  and 
the  Kalman  filter  equations  can  now  be  applied  without 
state  augmentation  and  without  introducing  artificial 
parameters.  For  more  details,  see  [10].  The  results 
obtained  are  the  same  when  using  both  approaches. 

Filter  Initialization 

The  initial  estimate  of  the  augmented  state  vector  iCa(O) 
is  obtained  after  the  first  two  position  measurements: 


ii(0)  = 

z(0) 

(16) 

*2(0)  = 

1 

T 

(17) 

*3(0)  = 

0 

(18) 

^4(0)  = 

0 

(19) 

where  T  is  the  sampling  interval,  and  z  is  the  position 
measurement.  In  order  to  guarantee  the  consistency  of 
the  filter  initialization  [2],  the  initial  covariance  matrix 
is  set  to: 


We  now  wish  to  examine  the  effect  of  different  error 
models  on  the  tracking  accuracy.  We  form  tracking  fil¬ 
ters  that  combine  the  constant  velocity  aircraft  model 
with  an  exponential  correlation  error  model,  a  simple 
second  order  error  model,  and  the  general  third  order 
error  model. 

The  filter  performance  is  checked  in  a  Monte  Carlo 
simulation  in  the  following  way:  we  select  at  random 
a  1000-second  interval  out  of  a  much  longer  stream  of 
recorded  GPS  measurements.  This  is  used  as  the  input 
to  the  filter.  The  tracking  errors  are  averaged  over  1000 
such  intervals. 

Figure  2  shows  the  average  tracking  errors  in  position 
and  velocity,  for  an  aircraft  in  uniform  motion  where 
only  its  position  is  measured.  The  tracking  errors  are 
compared  with  the  average  error  obtained  when  not 
using  a  tracking  filter.  In  this  case  the  velocity  is  esti¬ 
mated  by  a  first  difference  of  the  position  measurement. 


Figure  2:  Average  tracking  errors  during  uniform  mo¬ 
tion,  using  different  measurement  error  models. 


m  = 


^SP4t(0) 


^<j>xx 

2A<l>xx/T 

A(f>xx 

— 


-<l>xx{0) 

^A(f>xx 

^xx(0) 

<f>xv{0) 


^arv(O) 

-A</>xv 

^vv(O) 

(20) 


where  A<j)xx  =  [^xx(O)  —  <f>xx{T)]/T  and  A<l>xv  is  de¬ 
fined  in  a  similar  way.  <j>xx{T)i  <I>xv{t)  and  (f>vv(T)  are 
the  correlation  functions  of  the  specific  error  model. 


We  have  assumed  here  one  dimensional  tracking,  us¬ 
ing  a  second  order  aircraft  model,  augmented  by  a  sec¬ 
ond  order  error  model.  The  extension  to  other  models, 
and  to  the  case  where  both  position  and  velocity  are 
measured,  can  be  found  in  [10]. 


The  tracking  filters  were  successful  in  reducing  the 
velocity  error,  but  did  not  improve  the  position  er¬ 
ror.  The  difference  between  the  various  error  models 
is  small,  and  we  can  see  that  the  time  constant  of  the 
filter  is  quite  large  for  any  error  model. 

In  order  to  check  our  results,  we  have  repeated  the 
same  procedure  with  ‘simulated’  GPS  position  errors, 
using  a  2nd  order  Gauss  Markov  process  which  is  iden¬ 
tical  to  the  model  used  in  the  Kalman  filter.  The  aver¬ 
age  tracking  errors  in  this  case  were  very  similar  to  the 
case  where  real  GPS  measurements  were  used.  This 
indicates  that  the  poor  performance  in  position  is  not 
a  result  of  bad  modeling. 
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Figure  3:  Average  tracking  errors  during  uniform  mo-  Figure  4:  Average  tracking  errors  during  a  coordinated 

tion,  using  different  aircraft  models.  turn,  using  different  aircraft  models. 


Due  to  the  small  differences  between  the  error  mod¬ 
els,  we  have  decided  to  use  the  2nd  order  error  model 
throughout  the  rest  of  this  work. 

Aircraft  model  selection 

In  this  section  we  wish  to  evaluate  the  effect  of  different 
aircraft  models  on  the  tracking  accuracy.  We  combine 
the  2nd  order  error  model  selected  in  the  previous  sec¬ 
tion,  with  the  following  aircraft  models: 

CVO  Constant  Velocity,  with  zero  acceleration 
(Eqs.  3-4,  (7v  =  0) 

CVl  Constant  Velocity,  with  random  acceleration 
(Eqs,  3-4,  (Tv  =  5m/s^) 

CA  Constant  Acceleration,  with  random  increments 
(Eqs.  5-7,  <Ta  =  Im/s^) 

CT  Constant  Turn  rate,  with  random  disturbances 
(Eqs.  8-10,  <Tx  =  (Ty  =  lm/s^,cr.y  =  0.5®/s) 

The  performance  of  these  models  is  compared  with  the 
case  where  no  filter  is  used.  This  is  denoted  in  the 
following  discussion  as  NF. 

Figure  3  shows  the  average  tracking  accuracy  ob¬ 
tained  in  a  300  knot,  straight  line  motion.  All  aircraft 
models,  except  CVO  cannot  do  better  than  the  raw 
measurement  accuracy,  and  provide  the  same  tracking 
accuracy  as  NF.  The  CVO  model  cannot  improve  the 
position  accuracy  much,  but  it  does  improve  the  accu¬ 
racy  of  the  velocity  estimate. 

Figure  4  shows  the  average  tracking  errors  that  were 
observed  during  a  3^ /sec  turn  at  the  same  speed.  The 
turn  was  initiated  at  f  =  520  sec  and  lasted  for  1 
minute.  As  expected,  the  CT  model  provides  the  best 
steady  state  accuracy  during  the  turn.  However,  it  has 
a  longer  transient  phase  than  the  CA  model. 


Data  link  effect 

The  input  to  the  filter  is  provided  through  a  radio  data 
link  which  is  common  to  all  aircraft  under  ADS.  Un¬ 
der  most  communication  protocols  we  can  expect  some 
interference  between  messages.  As  a  result  of  this  in¬ 
terference,  the  reports  arrive  to  the  filter  with  some 
probability,  which  can  be  estimated  by  [11]: 

Fr=exp(-JV^)  (21) 

where  N  is  the  number  of  aircraft  in  the  detection 
range  of  the  receiver,  rim  is  the  report  length  in  bits,  B 
is  the  bit  rate,  and  f/  is  the  frame  length.  It  is  assumed 
that  aircraft  send  a  report  once  every  if  seconds,  and 
randomly  change  the  exact  transmission  time. 

We  now  wish  to  determine  the  sensitivity  of  the 
tracking  filter’s  performance  to  missing  reports  for  each 
aircraft  model.  In  order  to  provide  a  suboptimal  esti¬ 
mate  when  a  measurement  is  missing,  we  set  the  state 
estimate  equal  to  the  prediction  from  the  time  update 
phase  of  the  Kalman  filter  in  the  previous  time  step. 

The  simulation  study  was  repeated  under  the  as¬ 
sumption  that  the  position  reports  are  received  with 
a  probability  of  Pr  =  0.7788.  As  will  be  shown  below, 
this  specific  value  represents  a  future  ATC  environ¬ 
ment,  with  1000  aircraft  within  the  detection  range  of 
the  receiver. 

Figure  5  shows  the  average  tracking  errors  during 
the  aircraft  3®/sec  turn,  under  the  imperfect  data  link 
assumption.  It  seems  that  the  C  A  filter  is  less  sensitive 
to  missing  reports  than  the  CT  filter.  Additional  sim¬ 
ulation  studies  proved  the  CA  filter  to  be  more  robust 
to  parameter  changes,  and  we  conclude  that  it  is  more 
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Figure  5:  Average  tracking  errors  during  a  using 
different  aircraft  models,  under  an  imperfect  data  link, 

suitable  for  modeling  the  aircraft  during  its  maneuver 
phase. 

Multiple-Model  Estimation 

The  results  obtained  in  the  previous  section  show  that 
a  tracking  filter  with  the  CVO  model  is  optimal  dur¬ 
ing  the  uniform  motion  phase  of  flight  but  diverges 
during  turns.  A  tracking  filter  with  the  CA  model 
provides  good  estimates  during  turns,  however,  it  does 
not  reduce  the  velocity  error  during  the  uniform  mo¬ 
tion  phase.  One  of  the  possible  ways  to  obtain  the 
best  estimates  during  all  phases  of  flight  is  to  use  a 
multiple-model  algorithm. 

Multiple-model  algorithms  are  composed  of  a  paral¬ 
lel  bank  of  Kalman  filters,  each  based  on  a  different 
model.  The  probability  for  each  model  being  correct  is 
calculated  recursively,  based  on  its  likelihood  function. 
The  state  estimate  is  a  weighted  average  of  the  model- 
conditioned  estimates,  with  the  model  probabilities  as 
weights  [2,  9]. 

A  more  elaborate  scheme  of  multiple  model  estima¬ 
tion  is  the  Interacting  Multiple  Model  (IMM)  filter, 
which  assumes  an  underlying  Markov  chain  that  gov¬ 
erns  the  probabilities  of  transition  between  the  differ¬ 
ent  aircraft  models.  The  IMM  filter  provided  excel¬ 
lent  position  and  velocity  estimates  during  all  phases 
of  flight,  in  studies  that  used  many  different  combina¬ 
tions  of  different  aircraft  models  [3-5]. 

We  found,  however,  that  any  multiple- model  algo¬ 
rithm  which  relies  on  the  filters  innovations  or  likeli¬ 
hood  functions  fails  when  tracking  GPS  reports,  due 
to  satellite  constellation  changes.  The  discontinuities 
in  position  which  appear  whenever  the  GPS  receiver 


changes  the  set  of  satellites,  trigger  any  existing  ma¬ 
neuver  detection  algorithm  and  cause  it  to  switch  from 
a  uniform  motion  mode  to  a  turn  mode. 

We  have  decided  to  design  our  tracking  filter  around 
two  Kalman  filters  that  run  in  parallel:  one  is  based 
on  the  CVO  model,  and  the  other  uses  the  CA  model. 
The  estimated  state  is  set  equal  to  the  output  of  one 
of  these  filters,  according  to  the  following  tests: 

When  the  current  mode  of  flight  is  uniform  motion, 
we  check  the  continuity  of  the  position  information. 
This  is  accomplished  by  computing  the  difference  be¬ 
tween  the  current  position  report  and  the  previous  one, 
and  comparing  it  with  which  is  the  predicted  ve¬ 
locity  from  the  previous  time  step: 


Z  ~  Z^i 

t-t-l 

(22) 

(t)  -  -  Vo) 

(23) 

If  Sv  is  greater  than  a  specified  threshold  for  more  than 
one  time  step,  we  assume  that  a  maneuver  is  taking 
place,  and  the  flight  mode  is  switched  to  the  turn  mode. 

When  the  flight  mode  is  a  turn,  we  check  the  statis¬ 
tical  significance  of  the  estimated  acceleration,  in  order 
to  determine  when  the  turn  is  over  [2]: 

=  &^[Pa]-^a  (24) 

Pa  =  apa-^6a  (25) 

where  d  is  the  estimated  acceleration,  and  Pa  is  the 
corresponding  block  from  the  covariance  matrix  of  the 
CA  model,  pa  is  a  fading  memory  average  of  6a,  and 
when  it  drops  below  a  certain  threshold,  we  assume 
that  the  turn  is  completed,  and  revert  to  the  uniform 
motion  mode. 

The  state  estimate  x  is  set  equal  to  the  estimate  of 
the  filter  that  matches  the  current  flight  mode.  This 
state  estimate  is  used  in  the  time  update  phases  of  both 
filters,  so  that  both  filters  update  the  best  estimate 
available. 

In  the  following  discussion  we  will  refer  to  the  overall 
filter  described  above  as  the  GPS  tracking  filter.  The 
average  tracking  accuracy  of  this  filter  is  compared  in 
figure  6  with  the  performance  of  an  IMM  filter  and 
a  single  CA  filter.  The  IMM  filter  we  used  is  based 
on  the  same  aircraft  models  as  the  GPS  tracking  filter 
(CVO  and  CA).  The  GPS  filter  performs  better  than 
the  other  filters,  during  all  phases  of  flight. 

Note  that  the  maneuver  detection  scheme  described 
above  can  be  avoided  if  the  aircraft  will  include  a  ‘ma¬ 
neuver  flag’  in  its  report.  This  flag  can  be  used  to 
switch  between  the  appropriate  models.  However,  we 
still  have  to  detect  satellite  constellation  changes  and 
treat  them  appropriately. 
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Figure  6:  Average  tracking  errors  during  a  turn,  using 
different  tracking  filter  structures. 

This  is  done  by  measuring  the  duration  of  the  dis¬ 
continuity  in  the  position  reports.  If  (Eq.  23)  is 
greater  than  the  specified  threshold  for  only  one  time 
step,  we  assume  that  a  constellation  change  has  oc¬ 
curred.  The  state  estimate  for  the  next  5  cycles  is 
computed  by  propagating  the  state  vector  through  the 
time  update  phase  of  the  current  filter,  and  bypass¬ 
ing  its  measurement  update  phase.  The  CVO  and  CA 
filters,  however,  continue  to  operate  without  any  inter¬ 
vention  -  only  the  output  of  the  overall  filter  is  affected. 
After  5  cycles  the  transient  response  of  the  CVO  and 
CA  filters  decays,  and  the  state  estimate  is  set  equal 
to  the  output  of  one  of  them. 

Figure  7  depicts  the  position  measurement  error  dur¬ 
ing  a  sequence  of  satellite  set  transitions,  and  shows  the 
effect  of  the  discontinuities  on  the  velocity  tracking  er¬ 
ror  of  the  GPS  filter  described  above.  For  comparison, 
we  show  also  the  tracking  error  of  a  simple  CA  filter. 

Velocity  reports 

The  simulation  studies  so  far  assumed  that  only  posi¬ 
tion  is  measured.  We  have  repeated  the  same  simu¬ 
lation  trials  when  measuring  both  position  and  veloc¬ 
ity  and  could  not  find  any  significant  improvement  in 
the  tracking  accuracy.  Similar  observations  about  the 
possible  benefits  of  velocity  information  were  made  re¬ 
garding  the  integration  of  GPS  and  INS  [7]. 

As  stated  earlier,  the  velocity  error  is  equal  most  of 
the  time  to  the  derivative  of  the  position  error.  This 
reduces  the  benefits  of  additional  velocity  information, 
since  the  Kalman  filter  differentiates  the  position  error 
anyhow,  as  part  of  its  estimation  process. 

Moreover,  adding  the  velocity  information  to  the  po¬ 
sition  report  will  increase  the  message  length  and  de¬ 


Figure  7:  Position  measurement  error  and  velocity 
tracking  error  during  a  sequence  of  satellite  set  tran~ 
sitions. 

crease  the  probability  of  clear  reception.  For  exam¬ 
ple,  if  the  message  length  increases  from  125  bits  to 
250  bits  due  to  the  additional  information,  the  prob¬ 
ability  of  clear  reception  will  decrease  from  0.7788  to 
0.6065  (based  on  1Mbps  bit  rate,  Isec  update  rate  and 
1000  aircraft  in  the  4etection  range).  This  caused  a  se¬ 
vere  degradation  in  the  tracking  accuracy  in  simulation 
studies  we  made. 

Update  rate 

We  have  assumed  up  to  this  stage  that  aircraft  repeat 
their  reports  once  in  a  second.  By  increasing  the  in¬ 
terval  between  messages  to  2  seconds,  we  can  increase 
the  probability  of  clear  reception  from  0.7788  to  0.8085 
when  using  position  meeisurement  only  (125  bit  long  re¬ 
port),  or  from  0.6065  to  0.7788  when  using  position  and 
velocity  reports  (250  bit).  This  is  supposed  to  increase 
the  filter  accuracy. 

However,  when  a  report  is  missing,  the  estimation 
error  is  approximately  twice  as  large  for  a  2  second 
interval  than  a  1  second  interval.  When  averaging  the 
tracking  accuracy  in  a  Monte  Carlo  simulation  we  have 
observed  that  the  overall  effect  of  decreasing  the  up¬ 
date  rate  is  to  degrade  the  filter  performance. 

The  performance  study  in  the  next  section  assumes 
therefore  a  1  second  update  rate,  with  position  infor¬ 
mation  only. 

V,  PERFORMANCE  STUDY 

In  order  to  study  the  performance  of  the  proposed 
tracking  filter,  we  define  in  table  1  three  representative 
aircraft  trajectories.  Trajectory  T1  represents  typical 
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cruise  flight  maneuver.  T2  includes  a  more  rapid  turn, 
and  T3  represents  a  high  speed  agile  target. 


Speed  [knot] 

Turn  rate  [deg/sec] 

T1 

150 

1 

T2 

300 

3 

T3 

600 

6 

Table  1:  Representative  trajectories 


The  average  tracking  accuracy  is  calculated  over  these 
trajectories,  while  using  real  GPS  data  that  was  recorded 
by  a  fixed  receiver.  The  measurement  errors  are  added 
to  simulated  aircraft  motion  and  are  sampled  accord¬ 
ing  to  the  probability  of  clear  reception  in  an  ATC 
environment. 

A  future  ATC  environment  can  be  characterized  by 
the  following  assumptions  on  the  data  link:  each  air¬ 
craft  broadcasts  a  125  bit  message  once  a  second,  in  a 
1Mbps  bit  rate;  there  are  1000  aircraft  within  the  de¬ 
tection  range  of  the  receiver.  For  comparison,  the  ca¬ 
pacity  of  a  Mode  S  sensor  (a  major  element  in  the  cur¬ 
rent  surveillance  system)  is  700  transponder  carrying 
aircraft  within  255  nmi  [12].  The  resulting  probability 
of  clear  reception  is  Pr=0.7788  (Eq.  21).  The  effec¬ 
tive  update  rate  (which  indicates  how  often  a  message 
from  a  specific  aircraft  is  received,  with  a  probability 
that  is  higher  than  a  given  reliability  level  [11]),  is  4.58 
seconds  with  99.9%  reliability.  This  is  equivalent  (in  a 
probabilistic  sense)  to  the  4  seconds  rotation  period  of 
current  ATC  radars. 


Position  [m] 

Speed  [m/s] 

Heading  [deg] 

T1 

21.5 

0.07 

0.04 

T2 

21.5 

0.07 

0.02 

T3 

21.5 

0.07 

0.01 

Table  2:  Average  tracking  errors  during  uniform  mo- 
tion^  on  different  trajectories,  using  GPS  position  mea¬ 
surements. 


Position 

[tn] 

Speed 

[m/s] 

Heading 

[deg] 

T1 

max 

21.7 

1.85 

1.37 

after  30  sec. 

22.8 

0.27 

0.15 

T2 

max 

23.8 

5.7 

2.6 

after  30  sec. 

22.7 

0.9 

0.07 

T3 

max 

37.1 

26.7 

4.9 

after  30  sec. 

22.5 

6.5 

0.24 

Table  3:  Average  tracking  errors  during  a  turn,  on  dif¬ 
ferent  trajectories,  using  GPS  position  measurements. 


Table  2  summarizes  the  average  tracking  errors  dur¬ 
ing  the  uniform  motion  phase  of  flight,  and  table  3 


shows  the  tracking  errors  during  the  turn  phase  of  the 
flight. 

The  average  tracking  accuracy  obtained  by  using 
radar  measurements  is  4etailed  in  tables  4  and  5.  The 
relevant  radar  parameters  are:  on  trajectories  T1  and 
T2  the  aircraft  is  tracked  by  three  monopulse  secondary 
radars,  each  of  which  has  a  range  measurement  accu¬ 
racy  of  110  meters  and  a  bearing  measurement  accu¬ 
racy  of  0.07''  [3].  On  trajectory  T3  a  single  radar  is 
used,  which  has  a  bearing  accuracy  of  0.2"  [5].  In  all 
cases  the  radar  rotation  period  is  4  seconds,  and  the 
algorithm  used  is  the  Interacting  Multiple  Model  al¬ 
gorithm,  which  combines  the  constant  velocity  aircraft 
model  (CV)  with  the  constant  turn  rate  model  (CT) 
and  its  associated  second  order  Extended  Kalman  Fil¬ 
ter. 


Position  [m] 

Speed  [m/ 

s]  Heading  [deg] 

T1 

37 

0.31 

0.6 

T2 

46 

0.33 

0.3 

T3 

150 

6 

1.1 

Table  4:  Tracking  errors  during 

uniform  motion,  on 

different  trajectories, 

using  radar  measurements. 

position 

Speed 

Heading 

H 

[m/s] 

[deg] 

T1 

max 

204 

4.11 

12 

after  30  sec. 

83 

3.6 

4 

T2 

max 

241 

6.7 

20 

after  30  sec. 

74 

3.6 

5 

T3 

max 

425 

175 

32 

after  30  sec. 

215 

41 

7.7 

Table  5:  Tracking  errors  during  a  turn,  on  different 
trajectories,  using  radar  measurements. 


The  improvement  in  tracking  accuracy  is  apparent, 
especially  in  the  velocity  and  heading  estimates.  We 
now  wish  to  study  the  effect  of  the  improved  surveil¬ 
lance  accuracy  on  the  minimum  separation  standards. 

VI.  RADAR  SEMRATION  MINIMA 

Safe  separation  between  aircraft  is  maintained  today 
by  air  traffic  controllers,  who  monitor  a  minimum  sep¬ 
aration  standard  of  3  nmi  in  the  terminal  airspace  and 
5  nmi  for  enroute  traffic.  Since  the  surveillance  infor¬ 
mation  that  is  provided  to  the  controllers  is  obtained 
by  radar,  these  standards  are  usually  referred  to  as 
radar  separation  standards  and  are  a  function  of  the 
radar  accuracy. 

We  wish  to  estimate  the  effect  of  GPS-based  surveil¬ 
lance  on  these  standards.  Since  reduction  of  in-trail 
separation  is  limited  by  wake-turbulence  concerns,  we 
consider  here  only  lateral  separation  standards.  Note 
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that  we  do  not  consider  route  spacing  or  track  sep¬ 
arations,  which  depend  also  on  the  navigation  accu¬ 
racy  and  control  system  delay  time  and  are  beyond 
the  scope  of  this  work. 

The  surveillance  separation  standard  affects  the  col¬ 
lision  risk,  which  can  be  measured  by  the  probability 
of  close  approach.  This  is  defined  as  the  probability 
that  the  true  distance  between  aircraft  is  less  than  the 
minimum  safety  distance,  when  the  measured  distance 
between  the  aircraft  is  equal  to  the  minimum  separa¬ 
tion  standard: 


Pea  =  P(Aart  <  d  |  Ax^  =  «) 


where  Axf  is  the  true  separation  between  the  aircraft, 
and  AXfn  is  the  measured  separation,  s  is  the  surveil¬ 
lance  separation  standard,  and  d  is  the  minimum  safety 
distance,  represented  by  the  horizontal  size  of  a  typical 
aircraft. 

Given  /(x),  the  probability  distribution  function  of 
the  surveillance  errors.  Pea  can  be  computed  by  the 
following  integral  [13]: 

Pea  =  d  [/  /(*)/(*- (26) 


The  probability  distribution  function  of  GPS  posi¬ 
tion  errors  can  be  modeled  by  a  combination  of  two 
normal  distributions.  One  models  the  ‘body’  of  the 
measurement  errors,  and  the  other  models  the  rare 
large  errors: 


The  standard  deviations  (Ti  can  be  expressed  as  a,<ro, 
where  <To  is  the  standard  deviation  of  the  ranging  error, 
and  Cki  is  a  multiplier  that  models  the  satellite  geome¬ 
try  effect  on  the  position  error,  p,-  is  equivalent  to  the 
probability  of  having  a  multiplier  a,-. 

Figure  8  shows  the  distribution  of  more  than  50,000 
GPS  position  error  samples,  that  were  collected  over  a 
period  of  about  6  months  using  four  Trimble  4000-SSE 
receivers  located  at  Stanford,  San  Diego  and  Areata, 
California  and  Elko,  Nevada.  A  double-Normal  distri¬ 
bution  (Eq.  27)  that  fits  this  data  was  obtained  for 
ai=0.85,  02=3.42  and  pi=0.99.  We  assumed  that  the 
ranging  error  is  described  by  <To=21m.  This  model  en¬ 
ables  us  to  estimate  the  effect  of  possible  SA  elimina¬ 
tion  by  reducing  cr^  to  5m,  while  keeping  all  the  other 
parameters. 

Also  shown  in  figure  8  is  the  effect  of  using  only  the 
first  term  in  Eq.  (27).  It  is  clear  that  the  additional 
term  is  required  to  properly  model  the  tail  of  the  ex¬ 
perimental  distribution  function. 


Probability  DiatrlbutiQn 


Figure  8:  Probability  distribution  of  GPS  position  er¬ 
rors:  experimental  data  and  Normal  models. 


The  probability  distribution  function  of  radar  az¬ 
imuth  measurement  errors  can  be  described  by  the 
same  double-normal  distribution,  with  {ri=0.0987®  , 
<72=0.1640®  and  pi  =0.836  [13].  These  values  are  mul¬ 
tiplied  by  a  r^mge  of  200  nmi  to  model  en-route  surveil¬ 
lance  errors,  and  by  50  nmi  to  model  terminal  traffic 
surveillance. 

The  probability  of  close  approach  was  obtained  by 
analytical  and  numerical  integration  of  Eq.  26.  The 
results  are  depicted  in  figure  9  as  a  function  of  the 
minimum  separation  standard.  We  assumed  that  the 
minimum  safety  distance  is  d=75m. 

We  see  that  the  en-route  separation  standard  can 
be  reduced  to  about  0.5  nmi,  while  keeping  the  same 
safety  level  that  is  provided  today  by  using  radar  surveil¬ 
lance  and  a  5  nmi  radar  separation  standard.  The  ter¬ 
minal  separation  standard  can  be  reduced  from  3  nmi 
to  about  1  nmi,  without  increasing  the  collision  risk. 
In  the  absence  of  SA  the  separation  standard  can  be 
even  further  reduced. 

VII.  CONCLUSION 

GPS-based  aircraft  tracking  can  yield  a  significant  im¬ 
provement  in  the  quality  and  extent  of  ATC  surveil¬ 
lance  coverage.  This  requires  a  new  design  of  ATC 
tracking  algorithms,  since  the  nature  of  GPS  measure¬ 
ment  errors  is  very  different  from  the  nature  of  the  cur¬ 
rent  radar  measurement  errors.  Constellation  changes 
and  message  interference  in  the  radio  data  link  should 
be  of  special  concern  when  designing  the  tracking  filter 
and  evaluating  its  performance. 

The  tracking  filter  designed  here  combines  a  2nd  or¬ 
der  Gauss  Markov  process  as  the  measurement  error 
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Figure  9:  Probability  of  close  approach  for  Secondary 
Surveillance  Radar  (SSR)  and  GPS-based  surveillance, 

model,  with  two  dynamic  aircraft  models,  in  an  adap¬ 
tive  Kalman  filter  structure.  Switching  logic  identifies 
aircraft  maneuvers  and  provides  smooth  transition  of 
the  estimates  through  satellite  constellation  changes. 
The  average  tracking  accuracy  of  the  GPS  tracking  fil¬ 
ter  was  estimated  by  using  real  GPS  data  and  simu¬ 
lated  aircraft  motion,  and  was  compared  to  the  perfor¬ 
mance  of  ATC  radar  trackers.  This  performance  study 
showed  a  large  improvement  in  tracking  accuracy  and 
a  potential  for  substantial  reduction  in  the  minimum 
separation  standards. 

The  results  obtained  here  are  based  on  data  that  was 
collected  by  fixed,  high  quality  GPS  receivers.  More 
research  is  required  to  estimate  the  effect  of  using  dy¬ 
namic,  airborne  receivers,  and  to  identify  the  need  for  a 
tracking  filter  when  SA  is  turned  off  or  when  the  Wide 
Area  Augmentation  System  is  implemented. 

The  traditional  location  of  the  tracking  filter  is  on 
the  ground,  where  the  current  position  sensor  -  the 
radar  -  is  located.  However,  when  using  an  airborne 
sensor,  each  aircraft  can  track  its  own  position  and 
broadcast  its  estimated  or  predicted  state.  This  will 
enable  each  aircraft  to  use  a  filter  that  matches  its 
GPS  receiver  and  flight  control  characteristics.  It  will 
reduce  the  load  of  the  ATC  center  and  will  eliminate 
the  tracking  errors  caused  by  the  data  link.  Moreover, 
other  aircraft  in  the  vicinity  of  the  transmitter  would 
be  able  to  receive  these  reports  and  predict  possible 
conflicts,  without  the  need  to  run  a  tracking  filter  for 
each  neighboring  aircraft.  Further  research  is  required 
to  investigate  the  effects  of  this  technique  on  aircraft 
collision  avoidance  systems. 
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ABSTRACT 

Kinematic  GPS  is  capable  of  providing  centimetre 
level  positioning  for  a  wide  range  of  applications.  This 
has  come  about  through  recent  developments  in  both 
GPS  receiver  technology  and  'on-the-fly'  (OTF) 
ambiguity  resolution  techniques. 

One  application  to  benefit  from  this  high  level  of 
precision  is  helicopter  photogrammetry.  The  technique 
uses  near  vertical  photography  taken  from  a  helicopter 
to  produce  high  precision  profiles  for  highway 
deformation  and  repair  projects.  The  camera  is 
mounted  vertically  on  the  side  of  the  helicopter  and 
integrated  with  an  OTF  GPS  system  to  provide 
exposure  coordinates.  The  aim  is  the  minimisation  of 
ground  control,  leading  to  a  faster  and  more  cost 
effective  operation. 

This  paper  describes  the  techniques  and  software  used 
in  the  OTF  ambiguity  resolution  process  at 
Nottingham.  It  then  details  the  present  stage  of  the 
integration  of  the  GPS  and  photogrammetric  systems. 
A  field  trial  was  performed,  and  results  obtained  using 
a  Bell  206B  Jet  Ranger  helicopter  equipped  with  this 
system.  These  are  compared  with  the  results  produced 
using  full  conventional  ground  control.  The 


performance  of  the  combined  system  is  assessed  and 
future  developments  to  the  system  are  described. 

1  INTRODUCTION 

An  efficient  road  network  is  essential  for  a  country's 
economic  activity.  Not  surprisingly,  there  is  a  strong 
desire  to  minimise  any  effects  caused  by  the  on-going 
programs  of  maintenance  and  expansion  of  this 
network.  One  such  effect,  which  was  identified  around 
10  years  ago  by  Photarc  Surveys  Limited  (Photarc)  of 
Harrogate,  North  Yorkshire,  was  the  use  of  traditional 
ground  survey  techniques  to  provide  highway  profiles. 
The  necessity  to  cone  off  traffic  lanes  was  severely 
reducing  traffic  flow  and  was  also  hazardous  for  the 
surveyors  who  undertook  the  work. 

A  simple  non-contact  system  was  conceived  and 
developed  to  provide  the  necessary  data  without 
disturbing  traffic  flow  (Boardman,  1994).  A  Zeiss 
UMK  10/1318  Universal  Camera  is  'cradled'  out  of  the 
rear  door  of  a  Bell  206B  Jet  Ranger  helicopter  to 
capture  stereoscopic  images  of  the  highway  surface 
from  an  altitude  of  75m.  Photogrammetric  techniques 
can  then  be  utilised  to  give  regular  grids  of  road  spot 
heights  to  RMSE  ±0.005m  using  control  points 
surveyed  at  40m  intervals  along  the  hard  shoulder  of 
the  highway  (Smith  and  Joy,  1995). 

The  lESSG  at  The  University  of  Nottingham  has 
extensive  research  activity  in  kinematic  GPS.  It  was 
decided  to  develop  the  existing  photogrammetric 
system  by  investigating  the  integration  of  GPS  to 
provide  perspective  centre  coordinates  at  the 
centimetre  level,  and  attitude  sensors  to  provide 
orientation.  This  was  with  a  view  to  reducing  the 
number  of  control  points  required  for  the  photography 
by  employing  exterior  orientation  parameters  in  an 
aerial  triangulation  computation.  Analysis  had  shown 
that  to  achieve  the  ±0.005m  precision  level, 
coordinates  would  be  required  at  RMSE  X  =±0.024m, 
RMSE  Y=±0.028m  (plan)  and  RMSE  Z=±0.007m 
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(height).  However,  these  would  be  relaxed  for  the 
reduced  heighting  precisions  of  between  ±0.0 10m  to  + 
0.020m,  typically  required  by  clients. 

The  paper  begins  by  detailing  the  OTF  algorithms  and 
software  used  in  support  of  this  project  (Section  2). 
Section  3  then  discusses  the  integration  of  the  GPS  and 
photogrammetric  systems.  This  is  followed  by  details 
of  the  initial  system  evaluation  trials  and  results 
obtained.  The  paper  is  then  concluded  in  Section  5 
with  the  future  developments  that  are  planned  to  the 
system. 

2  OTF  ALGORITHMS  AND  SOFTWARE 

In  order  to  achieve  centimetre  level  accuracy  using 
GPS,  the  carrier  phase  integer  ambiguities  must  be 
determined.  Conventional  kinematic  GPS  techniques 
require  the  user  to  remain  stationary  whilst  initialising 
the  ambiguities  and  then  maintain  lock  on  at  least  four 
satellites  during  the  course  of  the  survey.  In  the  case  of 
helicopter  positioning  it  is  unlikely  that  this  will  occur. 
Therefore,  a  system  is  required  which  can  initialise  the 
integer  ambiguities  rapidly  whilst  the  helicopter  is 
moving,  i.e.  on-the-fly . 

One  solution  to  the  problem  of  OTF  ambiguity 
resolution  is  to  employ  an  ambiguity  search  technique. 
Various  methods  have  been  proposed,  including  those 
of  Hatch  (1990),  Mader  (1990)  and  Euler  and  Landau 
(1992).  Each  employs  the  same  principle,  that  only  the 
correct  integer  ambiguity  combination  will  satisfy  all 
of  the  data  and  give  the  best  least  squares  fit.  The  basic 
method  is  also  the  same  for  each  : 

(i)  define  a  set  of  possible  integer  ambiguities 

(ii)  search  through  these  to  find  the  best 
integer  ambiguity  combination 

(iii)  test  this  to  see  whether  it  is  significantly 
better  than  the  next  best  combination. 

An  alternative  ambiguity  resolution  technique  is  to 
obtain  an  estimate  of  the  widelane  (L1-L2  frequency 
combination)  integer  ambiguity  directly,  by  combining 
dual  frequency  carrier  phase  and  pseudorange 
measurements  (Melbourne,  1985).  The  correct  integer 
ambiguities  can  no  longer  be  obtained  instantaneously 
using  this  technique,  as  P  code  pseudoranges  are  not 
available  to  civilian  users  under  the  Anti-Spoofing 
(A/S)  conditions  which  currently  apply  and  the  noise 
level  of  C/A  code  pseudoranges  is  too  high.  However, 
the  solution  produced  is  usually  within  two  cycles  of 
the  correct  widelane  integer  ambiguity  and  so  is  a 
good  starting  point  for  an  ambiguity  search. 

The  lESSG’s  OTF  software  is  a  combination  of  two 
ambiguity  search  techniques,  together  with  the  option 
of  using  direct  resolution  of  the  widelane  ambiguities. 


The  method  proposed  in  Euler  and  Landau  (1992)  is 
used  to  calculate  the  sum  of  the  squares  residual  value 
for  a  particular  integer  ambiguity  combination,  whilst 
the  method  used  in  Ashkenazi  et  al  (1993) 
significantly  reduces  the  number  of  integer  ambiguity 
combinations  that  must  be  considered. 

The  combined  ambiguity  search  technique  recognises 
that  firstly,  the  integer  ambiguities  from  four  satellites 
will  define  a  unique  position  and  secondly  that  it  is 
possible  to  calculate  integer  ambiguity  values  to  all 
satellites  from  a  known  position.  Hence,  given  four 
satellites'  integer  ambiguities,  it  is  possible  to  calculate 
the  integer  ambiguities  to  any  remaining  satellites. 
Therefore,  a  search  loop  can  be  constructed  around  the 
integer  ambiguities  from  only  four  satellites.  The 
values  of  the  integer  ambiguities  to  any  remaining 
satellites  are  calculated  at  each  integer  ambiguity 
combination  or  'node'  defined  by  these  four  initial 
integer  ambiguities.  The  integer  ambiguity  values  to 
each  satellite  are  thus  known  at  each  search  node, 
which  is  necessary  for  the  residual  calculation  defined 
in  Euler  and  Landau  (1992),  yet  many  fewer 
combinations  need  to  be  considered.  For  example, 
with  a  7  satellite  constellation,  the  corresponding 
number  of  integer  ambiguity  combinations  for  a  ±  5 
cycles  search  range  using  single  difference  ambiguities 
are  : 

Standard  Euler  and  Landau 

=  19,487,171 

Combined  Search  Technique 

14,641 

The  extra  computational  overhead  of  calculating  the 
remaining  ambiguities  at  each  of  the  search  nodes 
defined  by  the  four  initial  satellites  is  far  outweighed 
by  the  reduction  in  the  total  number  of  integer 
ambiguity  combinations  to  be  considered.  Direct 
resolution  is  an  option  which  can  be  added  to  further 
reduce  the  number  of  combinations  when  dual 
frequency  data  is  available,  by  decreasing  the  range 
over  which  the  ambiguity  search  has  to  operate. 

The  OTF  software  is  based  around  a  simple  Kalman 
filter  constructed  in  a  'UD'  factorised  manner 
(Bierman,  1977)  to  increase  the  numerical  stability  of 
the  solution.  Single  difference  pseudorange  and  carrier 
phase  measurements  are  used,  which  eliminates  the 
need  for  a  decorrelation  matrix,  and  a  receiver  clock 
offset  is  solved  as  an  unknown  within  the  Kalman 
filter’s  state  vector. 

At  each  epoch,  the  Kalman  filter  produces  an  initial, 
real  valued  estimate  for  each  of  the  single  difference 
integer  ambiguities  and  the  nearest  integer  value  to 
each  of  these  is  taken  as  the  mid-point  of  the  search 
along  that  particular  integer  ambiguity.  The  search 
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range  for  each  ambiguity  is  determined  using  either  a 
multiple  of  its  associated  standard  error,  or  a  pre-set 
number  of  cycles.  The  choice  and  value  of  these  is 
decided  by  the  program  user.  All  of  the  integer 
ambiguity  values  within  the  range  are  searched  and  the 
sum  of  the  squares  residual  is  calculated  for  each 
combination  as  detailed  above. 

Ambiguity  resolution  occurs  when  the  best  (lowest 
sum  of  the  squares  residual)  combination  is  deemed  to 
be  significantly  different  to  the  next  best  combination. 
This  occurs  when  the  ratio  of  the  two  combinations' 
residuals  satisfies  a  statistical  test.  This  is  either  an  F- 
Test  or  a  fixed  ratio  test,  with  the  choice  of  test  and  F- 
Test  confidence  level  or  fixed  ratio  value  being 
decided  by  the  program  user.  The  integer  ambiguities 
may  then  be  resolved  to  the  values  of  the  best 
combination. 

The  OTF  ambiguity  resolution  software  was  designed 
to  be  flexible,  enabling  the  user  to  choose  the  most 
effective  method  of  processing  their  kinematic  data. 
The  options  available  include  : 

(i)  the  ability  to  perform  ambiguity  searches 
using  single  or  dual  frequency  data  on  up  to  three 
frequencies  simultaneously 

(ii)  direct  resolution  of  the  widelane  integer 
ambiguities 

(iii)  incorporation  of  positions  determined 
from  other  positioning  systems 

(iv)  the  use  of  up  to  four  reference  stations 

(v)  the  use  of  any  combination  of  carrier 
phase  and  pseudorange  data  in  a  processing  run. 

The  OTF  software  must  ensure  that  an  incorrect 
integer  ambiguity  combination  is  not  resolved.  Two 
options  are  present  to  increase  its  reliability.  These  are 
the  direct  resolution  of  the  widelane  integer 
ambiguities,  used  when  dual  frequency  data  is 
available  and  the  use  of  multiple  reference  stations, 
which  greatly  increases  the  reliability  of  the  solution 
(Hansen,  1994).  The  former  also  generally  has  the 
benefit  of  decreasing  the  time  required  for  ambiguity 
resolution  to  occur. 

The  OTF  software  is  currently  used  in  a  post  processed 
manner,  although  this  is  not  an  integral  part  of  its 
design.  It  is  therefore  possible  to  use  integer 
ambiguities  obtained  in  previous  processing  runs  to 
construct  trajectories  of  the  antenna  position  accurate 
to  the  centimetre  level.  Section  4.2.3  details  the  data 
processing  performed  in  the  helicopter  trials. 


3  INTEGRATION  OF  THE  GPS  AND 

PHOTOGRAMMETRIC  SYSTEMS 

3.1  Introduction 

Although  the  integration  of  GPS  with 
photogrammetric  data  acquisition  has  been 
investigated  with  reference  to  fixed  wing  aircraft 
(Ackermann,  1986),  the  use  of  low  altitude  helicopter 
flight  has  not  been  reported.  Such  an  investigation  is 
important  because  of  the  unique  operational 
characteristics  of  this  alternative  aerial  platform.  A 
number  of  points  become  apparent : 

(i)  Where  is  the  GPS  antenna  to  be  mounted  ? 

(ii)  How  can  this  be  related  to  the  perspective 
centre  of  the  camera  ? 

(iii)  What  quality  of  positioning  data  can  be 
acquired,  and  how  can  this  be  processed  ? 

(iv)  How  can  GPS  positions  be  attributed  to  a 
photographic  exposure  ? 

The  lESSG  approach  from  the  outset  was  to  develop  a 
system  which  was  as  cost  effective  and  versatile  as 
possible.  With  this  in  mind,  coupled  with  the  need  for 
Photarc  to  continue  commercial  operation  of  the 
original,  purely  photogrammetric  system  during 
development,  a  number  of  alterations  were  proposed. 
These  are  detailed  in  the  following  sections. 

3.2  Antenna  Location  and  the  Perspective  Centre- 
Phase  Centre  Offset  Vector 

The  GPS  antenna  should  be  mounted  where  it  can 
receive  satellite  signals  with  the  minimum  of 
obstruction.  Prime  locations  were  on  the  tail,  on  the 
roof,  and  above  the  rotor  housing.  These  positions  are 
restricted  by  Civil  Aviation  Authority  (CAA) 
regulations  on  airframe  modifications,  equating  to 
additional  costs  and  delay  in  implementing  a  system. 
The  simplest  solution  was  to  attach  the  antenna  to  the 
camera  mount,  thus  potentially  obscuring  half  of  the 
satellite  signals  and  probably  introducing  multipath 
from  the  helicopter  fuselage. 

At  this  stage,  the  calculation  of  the  offset  vector 
between  the  camera's  perspective  centre  and  the 
antenna  phase  centre  became  relevant.  This  is  because 
of  the  need  to  obtain  the  perspective  centre  coordinates 
at  the  instant  of  exposure.  If  the  camera  is  to  have 
three  degrees  of  freedom  during  a  sortie,  attaching  the 
antenna  to  the  airframe  gives  a  separation  vector  which 
varies  in  both  magnitude  and  direction,  as  the  camera 
and  helicopter  are  considered  as  separate  platforms. 
The  advantage  of  the  antenna  being  attached  to  the 
camera  mount  is  that  the  resulting  vector  is  fixed  in 
magnitude  and  varies  only  in  direction.  The  three 
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remaining  unknowns  are  the  Euler  (rotation)  angles 
about  the  three  principal  axes,  which  could  potentially 
be  measured. 

As  part  of  the  preliminary  investigations,  it  was 
decided  to  slightly  modify  the  camera  mount  so  that 
the  antenna  could  be  attached  (Figure  1),  accepting  the 
degradation  of  the  GPS  positioning  ability  for  these 
trials. 


Figure  1  :  The  integrated  system  as  located  on  the 
helicopter 

3.3  Exposure  Control  and  Identification 

Integration  of  the  camera  and  the  GPS  receiver  is 
important  to  provide  both  exposure  times  and 
positions.  Two  options  were  considered  : 

(i)  use  of  a  timing  pulse  from  the  camera  to 
the  GPS  receiver,  to  enable  interpolation  of  the 
perspective  centre  coordinates  between  successive 
epochs;  or 

(ii)  use  of  the  Pulse  Per  Second  (PPS)  output 
from  the  receiver  to  fire  the  camera  on  a  GPS 
measurement  epoch. 

Modem  aerial  cameras  are  equipped  with  a  centre  of 
exposure  pulse  which  could  be  fed  to  the  receiver.  It  is 
also  possible  to  add  a  diode  into  the  image  plane  of 
older  cameras,  and  calibrate  it  to  the  instant  of 
exposure.  However,  altering  Photarc's  UMK  10/1318 
Universal  Camera  was  not  a  viable  solution.  In 
addition,  the  motion  of  a  helicopter  is  less  predictable 
than  that  of  a  fixed  wing  aircraft,  which  would  make  it 
difficult  to  interpolate  the  exposure  positions  between 
the  GPS  coordinate  solutions.  At  a  typical  flying  speed 
of  ISmph  (24km/h)  and  an  epoch  separation  of  1 
second,  the  distance  of  travel  is  6.70  metres. 


If  the  PPS  output  of  the  GPS  receiver  is  used  to  fire  the 
camera,  the  problem  of  interpolation  is  significantly 
reduced.  The  only  potential  adjustment  that  needs  to 
be  made  is  to  allow  for  the  delay  between  the  rising 
edge  of  the  PPS  output  and  the  instant  of  exposure. 
With  this  in  mind,  control  circuitry  was  designed  to 
allow  the  PPS  output  to  fire  the  camera. 

3.4  Evaluating  the  Euler  Angles  at  the  Instant  of 
Exposure 

As  has  been  discussed,  to  evaluate  the  direction  of  the 
offset  vector  the  three  Euler  angles  must  be  measured 
at  the  instant  of  exposure.  In  the  past,  the  lESSG  has 
made  use  of  a  purpose  built  array  of  commercially 
available  tilt  sensors  and  it  seemed  appropriate  to  test 
their  performance  in  this  new  environment.  Briefly, 
these  are  capacitance  based  sensors  of  patented  design 
with  a  range  of  ±60  degrees  and  a  resolution  of  ±0.001 
degrees.  Sampling  of  the  tilt  is  undertaken  by  a  486 
DX33  personal  computer. 

3.5  System  Integration 

Figure  2  shows  a  schematic  of  the  complete  system. 
The  trigger  on  the  camera  is  pushed  at  the  required 
instant  of  exposure,  as  with  previous  flights.  However, 
the  shutter  is  unable  to  fire  until  the  next  GPS  epoch 
(at  1  second  intervals),  as  identified  and  marked  by  the 
GPS  receiver.  At  the  same  time,  the  PC  is  instructed  to 
interrogate  the  tilt  sensors  and  record  the  tilt  of  the 
camera.  Time  constraints  prior  to  the  flight  meant  that 
the  delay  between  PPS  output  and  photograph 
exposure  could  not  be  measured  and  so  remained 
undefined  between  the  range  0-1  seconds.  One 
important  function  of  the  electronic  control  system 
was  to  lengthen  the  PPS  pulse  from  1  microsecond  to 
the  1  millisecond  pulse  needed  to  fire  the  camera 
shutter. 

4  SYSTEM  EVALUATION  TRIALS 

4.1  The  Pontefract  Provisional  Flight  Trial 

Field  trials  were  conducted  near  Pontefract,  Yorkshire. 
The  idea  was  to  evaluate  the  performance  of  the 
system  in  its  initial  guise,  verifying  that  integration 
could  be  achieved.  A  conventional  ground  control 
network  was  observed  along  a  fictitious  highway  at  the 
helicopter's  home  airfield.  The  trials  were  performed  at 
the  airfield  to  limit  flying  time.  The  system  was  set  up 
as  shown  in  Figures  1  and  2,  with  one  Trimble  4000 
SSE  GPS  receiver  located  at  the  airfield  to  act  as  a 
base  station.  This  resulted  in  a  baseline  length  which 
remained  under  1km.  Due  to  time  constraints  on  the 
availability  of  both  the  GPS  equipment  and  the 
helicopter,  there  was  a  limited  window  of  opportunity 
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Figure  2  :  Schematic  diagram  of  the  data  capture  system  design 


for  the  trials,  which  resulted  in  them  being  performed 
during  severe  weather  conditions. 

The  helicopter  charter  company  operates  a  1968  Bell 
206B  Jet  Ranger  helicopter.  This  is  equipped  with  a 
CAA  approved  skymount  which  is  fixed  in  the  rear 
area  so  that  the  camera  mount  can  be  attached.  The 
Bell  206  is  widely  recognised  as  the  most  successful 
civilian  helicopter  ever  manufactured  and  is  operated 
by  most  charter  companies  in  the  United  Kingdom. 
This  factor  alleviates  the  problems  of  attaching  a 
camera  mount  to  differing  helicopters. 

In  the  course  of  the  trials,  5  photographic  exposures 
were  taken  on  each  of  3  parallel  flight  lines  along  the 
fictitious  highway  to  ensure  a  strong  geometry  for  the 
photogrammetric  computations.  This  was  repeated  a 
number  of  times  because  of  the  possibility  of  weather 
induced  photographic  blur.  GPS  observations  were 
taken  at  one  second  intervals  throughout  the  flight,  as 
well  as  for  10  minutes  at  the  start  and  end  of  it,  as  an 
aid  to  ambiguity  resolution.  Unfortunately,  the  number 
and  frequency  of  cycle  slips  and  loss  of  lock  which 
occurred  during  the  flight  itself  rendered  this 
initialisation  data  unusable. 

4.2  Processing 

4.2.1  Photogrammetric  Processing 

Conventional  photogrammetric  techniques  were 
necessary  to  establish  truth  coordinates  for  the 
perspective  centre  of  the  camera  and  ultimately  the 
GPS  antenna  phase  centre.  The  procedure  can  be 
summarised  as  follows: 


(i)  Photogrammetric  observation  to  calculate 
the  coordinates  of  the  four  fiducial  marks  in  the 
ground  coordinate  system,  allowing  for  the  inter-nodal 
separation.  ^ 

(ii)  Theodolite  Angle  Intersection  to  establish 
vector  magnitude  and  direction  from  the  four  fiducial 
marks  to  the  antenna  phase  centre. 

(iii)  Conversion  of  the  coordinates  of  the 
antenna  phase  centre  from  the  local  ground  coordinate 
system  to  WGS84. 

4.2.2  Tilt  Sensor  Data  Processing 

The  calculation  of  truth  tilt  values  was  necessary  for 
comparison  against  the  tilts  recorded  by  the  PC  during 
the  flight.  The  coordinates  of  all  four  comers  of  one  of 
the  sensors  were  calculated  for  the  instant  of  exposure 
with  the  aid  of  the  theodolite  intersection  data.  Simple 
algebra  was  then  applied  to  calculate  the  tilt  and 
compare  this  against  the  measured  value. 

4.2.3  GPS  Data  Processing 

The  GPS  data  obtained  during  the  trial  was  not  ideal 
for  OTF  processing,  as  the  techniques  require 
observations  to  a  minimum  of  five  satellites  to  operate 
and  there  were  few  sections  of  the  data  taken  on  board 
the  helicopter  where  this  was  achieved.  For  the 
majority  of  the  flight,  four  and  usually  only  two  or 
three  satellites  were  tracked  by  the  GPS  receiver.  This 
was  caused  by  the  low  antenna  position  (Section  3.2), 
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^  This  is  defined  as  the  separation  between  the  inner 
and  outer  nodes  of  a  camera,  which  is  the  distance 
travelled  by  a  ray  as  it  passes  through  the  lens  cone. 


Figure  3  :  Number  of  satellites  observed  on  LI  and  L2  frequencies  for  the  time  span  bracketing  Frames  30  -  32 


which  resulted  in  masking  of  half  of  the  sky  by  the 
helicopter  itself 

It  was  therefore  only  possible  to  process  one  section  of 
GPS  data  during  which  photographs  were  taken.  The 
number  of  satellites  observed  in  this  period  are  as 
shown  in  Figure  3. 

Between  GPS  time  of  week  308725  and  308743,  the 
exposure  times  of  Frames  30  and  32  respectively,  the 
GPS  receiver  mounted  in  the  helicopter  tracked  four 
satellites  on  both  LI  and  L2.  Five  satellites  were 
tracked  on  LI  only  for  short  periods  both  before  and 
after  this  section  of  the  data,  enabling  resolution  of  the 
LI  integer  ambiguities  to  be  attempted.  As  Figure  3 
shows,  L2  is  tracked  less  often  than  LI.  This  is 
because  the  noise  level  of  the  observations  was  very 
high  throughout  the  data  set  and  L2  signal-to-noise 
ratio  (SNR)  is  generally  lower  than  the  LI  SNR. 
Hence,  the  L2  signal  was  drowned  by  the  noise  level 
and  measurements  were  not  made. 

Processing  the  data  with  the  OTF  software  was  not  as 
straightforward  as  usual.  Rather  than  being  able  to  use 
the  LI  solution  throughout,  it  was  necessary  to 
reinitialise  the  LI  integer  ambiguities  in  the  five 
satellite  section  following  the  exposures  and  then  use 
knowledge  of  these  LI  integer  ambiguities  to  enable 
the  L2  integer  ambiguities  to  be  found.  An  L2 
coordinate  solution  was  thus  produced  for  Frames  30 
and  31,  whilst  an  LI  solution  was  produced  for  Frames 
31  and  32. 


4.3  Results 
4.3.1  Introduction 

The  trials  showed  that  it  was  possible  to  integrate  the 
GPS  and  photogrammetry  systems  successfully  to 
produce  a  working  system.  However,  the  tilt  sensors 
did  not  prove  to  be  of  as  much  use  as  had  been  initially 
thought  and  the  location  of  the  GPS  antenna  was  a 
major  problem  in  terms  of  the  OTF  positioning 
capability  of  the  system. 


4.3.2  Tilt  Sensor  Data 


Table  1  :  Calculated  and  measured  tilts  for  a  sample  of 
the  photographic  exposures 


Table  1  shows  the  calculated  and  measured  tilts  for  a 
selection  of  the  photographic  exposures.  As  can  be 
seen,  there  is  a  close  correlation  for  Frames  20  and  30, 
but  a  large  disagreement  for  the  remaining  frames. 
Their  performance  was  undoubtedly  affected  by  the 
weather  conditions,  which  would  have  prohibited  a 
commercial  survey.  It  was  speculated  that  the  inherent 
damping  of  the  sensors  was  proving  excessive. 


This  was  investigated  to  obtain  controlled 
experimental  data  to  quantify  the  tilt  sensor 
performance.  The  principle  was  to  move  the  sensor 
between  two  fixed  angles  of  tilt  in  an  accurately 
measured  time.  This  could  then  be  superimposed  on  a 
plot  of  the  recorded  tilt  variation  as  obtained  from  the 
datafile.  The  two  important  variables  derived  from  the 
charts  that  were  produced,  were  the  velocity  of 
movement  between  the  two  tilts  and  the  corresponding 
delay  between  ceasing  motion  and  the  sensor  reading 
the  correct  tilt. 

The  results  showed  clearly  that  the  sensors  had  an 
inherent  delay  of  1  second,  irrespective  of  the  velocity 
of  movement.  In  fact,  soon  after  this  investigation  had 
been  undertaken,  it  was  discovered  that  the  time 
constant  for  the  sensors  was  0.3  seconds,  and  control 
theory  states  that  this  will  always  lead  to  a  delay  of  the 
order  of  0.9  seconds,  corroborating  the  practical  test 
results.  It  was  therefore  not  possible  to  use  these  tilt 
values  for  any  of  the  data  processing.  It  is  hoped  that 
the  tilt  sensor  array  will  be  of  use  in  a  modified  role 
for  future  work. 

4.3.3  OTF  GPS  Coordinate  Solutions 

It  became  clear  during  processing  of  the  GPS 
observations  that,  as  expected,  the  GPS  antenna  was 
not  mounted  in  the  best  place  on  the  helicopter. 
Masking  of  the  sky  and  multipath  had  been  expected, 
but  the  amount  to  which  these  affected  the  OTF 
positioning  capability  of  the  system  had  not  been 
anticipated.  In  most  cases,  ambiguity  resolution  could 
not  be  attempted  due  to  the  limited  number  of  satellites 
and  when  it  was  performed  for  Frames  30  -  32,  an  F- 
test  confidence  level  of  90%  had  to  be  used,  as 
resolution  did  not  occur  when  the  preferred  level  of 
99%  was  employed. 

The  phase  centre  coordinates  for  Frames  30,  31  and  32 
were  calculated  using  the  perspective  centre 
coordinates  and  the  perspective  centre  -  phase  centre 
offset  vector  (Section  3.2),  and  these  values  compared 
with  the  OTF  GPS  coordinates  (Table  2). 


These  show  large  vector  differences  of  between  18cm 
and  31cm  between  the  two  positioning  systems.  The 
OTF  LI  and  L2  solutions  for  Frame  31  do  not 
correspond  well  in  X,  but  their  difference  from  the 
perspective  centre  based  truth  is  similar  in  Y  and  Z. 

Possible  explanations  for  these  differences  include  the 
effect  of  multipath  from  the  helicopter  fuselage  and  the 
fact  that  only  four  satellites  were  visible  during  this 
period.  These  were  in  approximately  the  same  plane 
across  the  sky,  resulting  in  a  PDOP  of  12.  This  could 
generate  a  position  shift  of  several  centimetres  from 
the  truth  due  to  satellite  geometry  alone. 

It  was  later  found  that  the  camera  triggering  circuit 
was  introducing  a  delay  of  56  milliseconds, 
corresponding  to  a  movement  of  38cm  at  the  flying 
speed  of  15mph.  This  is  a  possible  cause  of  some  of 
the  offset,  but  because  of  the  unstable  nature  of  the 
helicopter  flight  it  was  not  possible  to  interpolate  the 
perspective  centre  coordinates  to  see  how  this  delay 
affected  the  level  of  agreement  with  the  GPS  solution. 

5  CONCLUSIONS  AND  SYSTEM 
DEVELOPMENTS 

5.1  Conclusions 

The  trial  demonstrated  the  successful  integration  of  the 
two  systems,  for  exposure  control  and  identification 
(attributing  a  time  tagged  GPS  position  to  each  frame). 
It  also  showed  that  the  tilt  sensor  array  was  not 
sensitive  enough  for  a  high  dynamic  environment  such 
as  this.  Their  likely  use  would  be  as  a  first 
approximation  to  the  actual  tilt  value  during 
photogrammetric  processing. 

The  full  potential  of  the  OTF  GPS  system  was  not 
realised  in  this  case  because  of  the  lack  of  data  at  the 
instant  of  exposure.  The  quality  of  the  GPS  data  (loss 
of  signal  strength)  meant  that  L2  observations  were  not 
available  for  the  majority  of  the  data  set  and  so  the 
widelane  frequency  combination  could  not  be  used. 


"Perspective  Centre"  Solution  minus  OTF  GPS 

Vector  Magnitude 

dY  (m) 

dZ  (m) 

Between  Solutions  (m) 

30  (OTF  L2) 

0.17 

0.13 

-0.14 

0.25 

31  (OTF  LI) 

0.14 

-0.10 

-0.05 

0.18 

31  (OTFL2) 

-0.26 

-0.06 

-0.11 

0.29 

32  (OTF  LI) 

-0.13 

-0.04 

0.28 

0.31 

Table  2  :  Difference  between  the  antenna  phase  centre  coordinates  based  on  the  camera  perspective  centre 

and  those  computed  using  the  OTF  software 
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The  combined  effect  of  multipath,  satellite  geometry 
and  delays  in  the  triggering  circuitry  resulted  in  an 
offset  between  the  two  methods  of  coordination  of  the 
order  of  20  -  30cm. 

5.2  Developments  to  the  System 

The  potential  of  a  combined  OTF  GPS  and 
photogrammetric  system  has  been  demonstrated. 
However,  the  preliminary  system  was  limited  by  the 
lack  of  GPS  data.  The  first  major  development  is  thus 
with  regards  to  the  location  of  the  GPS  antenna. 

In  order  to  retain  the  element  of  portability  in  the 
combined  system,  the  antenna  will  not  be  mounted 
directly  on  the  helicopter.  Instead,  it  will  still  be 
attached  to  the  removable  camera  mount,  but  will  now 
be  mounted  on  a  lightweight  pole,  long  enough  to 
enable  satellites  on  the  far  side  of  the  helicopter  to  be 
visible.  A  new,  smaller  dual  frequency  kinematic 
antenna  will  be  used  to  reduce  the  effect  of  drag. 

As  previously  stated,  the  provisional  triggering 
circuitry  introduced  a  delay  of  around  56  milliseconds 
from  PPS  pulse  to  camera  exposure.  New  triggering 
circuitry  has  therefore  been  designed  to  alleviate  the 
effect  of  this  delay.  In  principle,  the  GPS  receiver  will 
be  set  to  produce  the  PPS  output  slightly  before  the 
measurement  epoch  such  that  the  camera  will  fire  at 
exactly  the  same  time  as  the  GPS  measurements  are 
made.  Improvements  to  the  method  of  measuring  the 
orientation  of  the  offset  vector  by  tilt  sensors  are  being 
considered,  although  it  is  not  anticipated  that  these  will 
be  realised  during  the  immediate  lifetime  of  this 
project. 

Further  simulations  and  another  flight  trial  are 
envisaged  in  the  coming  months.  With  good  quality 
GPS  data  and  reasonable  satellite  geometry,  the  OTF 
processing  software  can  achieve  positional  accuracy  at 
the  l-2cm  level.  It  is  therefore  expected  that  the  new 
developments  being  undertaken  will  produce  an 
integrated  system  where  the  perspective  centre 
coordinates  are  reliably  determined  to  within  5  -  10cm. 
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ABSTRACT 

The  use  of  the  pseudorange  information  contained  with¬ 
in  the  GPS  carrier  phase  observables  enables  to  achieve 
a  high  level  of  positioning  accuracy,  but  requires  the  res¬ 
olution  of  the  intrinsic  cycle  ambiguities  of  the  phase 
measurements.  Several  methods  have  been  proposed 
that  can  solve  the  ambiguities  without  static  initializa¬ 
tion  by  performing  a  search  of  the  most  coherent  values 
of  the  double  difference  ambiguities  of  four  particular 
satellites.  They  belong  to  the  class  of  the  multiple  hy¬ 
potheses  sequential  tests,  that  check  each  envisaged  hy¬ 
pothesis  against  a  decision  criterion.  A  new  method  of 
ambiguity  resolution  on-the-fly,  designed  to  make  an  op¬ 
timal  use  of  all  the  available  measurements,  is  proposed 
in  this  paper.  The  decision  criterion  used  by  this  method 
is  the  a  posteriori  probability  of  each  potential  solution. 
The  mathematical  developments  involved  in  the  design 
of  the  method  are  exposed,  and  the  first  simulation  re¬ 
sults  obtained  are  presented,  showing  the  validity  of  the 
concept  proposed  in  this  paper. 

1.  INTRODUCTION 

The  GPS  phase  measurements  delivered  by  a  re¬ 
ceiver  are  related  to  the  geometrical  distance  between 
the  transmitting  satellite  and  the  receiver.  These  mea¬ 
surements  constitute  a  potential  source  for  a  very  precise 
determination  of  position,  as  they  can  be  achieved  with 
an  accuracy  of  the  order  of  one  centimeter.  However,  the 
full  access  to  that  accurate  geometrical  information  re¬ 
quires  the  resolution  of  the  intrinsic  integer  ambiguities 


of  the  measurements.  Since  fifteen  years,  several  spe¬ 
cialized  techniques  have  been  developed  to  achieve  this 
resolution.  Some  of  them  assume  the  receiver  is  static 
during  the  determination,  while  the  others  can  be  carried 
out  even  when  the  receiver  is  moving.  When  the  reso¬ 
lution  is  performed  without  static  initialization,  the  res¬ 
olution  is  said  to  be  made  on-the-fly.  These  positioning 
techniques  are  very  useful  tools  for  static  applications, 
like  static  baselines  surveying,  and  for  mobile  position¬ 
ing  in  dynamic  applications  like  satellite  altimetry,  aerial 
photogrammetry,  airborne  gravimetry  or  aircraft  landing. 

This  paper  describes  a  new  method  for  ambiguity 
resolution  on-the-fly  of  GPS  phase  measurements,  called 
the  Maximum  A  Posteriori  Ambiguity  Search  (MAPAS) 
method.  In  section  2,  a  model  of  the  GPS  signal  carrier 
phase  measurements  is  presented  and  the  problem  of  am¬ 
biguity  resolution  is  introduced.  Then,  the  Least  Squares 
Ambiguity  Searching  Technique  is  described,  followed 
by  a  discussion  on  the  statistical  aspect  of  the  ambiguity 
searching  techniques.  In  section  3,  the  principles  of  the 
MAPAS  method  are  exposed,  then  a  presentation  of  the 
input  data  used  by  the  method  is  made,  enabling  us  to  de¬ 
rive  the  theoretical  expressions  of  the  decision  criterion, 
and  to  build  the  algorithm.  In  section  4,  the  simulat¬ 
ed  data  is  described  and  the  results  obtained  using  the 
MAPAS  method  are  presented  and  discussed. 

2.  AMBIGUITY  RESOLUTION 

The  L\  carrier  phase  measurements  delivered  by  a 
suitably  equipped  civilian  GPS  receiver  are  the  measure¬ 
ments  of  the  phase  of  the  low  frequency  signal  generated 
by  mixing  the  received  L\  satellite  signal  with  the  output 
of  an  oscillator  tuned  at  the  nominal  carrier  frequency. 
As  described  by  Rocken  (Rocken,  1988),  a  first  order 
model  of  this  beat  phase  measurement,  for  satellite  z,  at 
epoch  k  is  : 

=  fiAtR  -  Ats,)  -  ^  -  Ni 

+fTion  -  fTtrop  +  6i(fc)-+  ^mult  (k)  (1) 

where 
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•  /  is  the  Li  frequency  and  A  is  the  corresponding 
wavelength. 

•  Atji  and  Ats,  are  respectively  the  receiver  and 
satellite  time  equivalent  phase  offset  with  respect 
to  GPS  time. 

•  Di{k)  is  the  geometrical  distance  between  the  satel¬ 
lite  i  and  the  receiver. 

•  Ni  is  the  initial  ambiguity  value  of  the  measure¬ 
ment. 

•  Tion  and  Ttrop  are  the  ionospheric  and  tropospheric 
propagation  delays. 

•  ^muit  {k)  is  the  carrier  phase  multipath  term. 

•  bi{k)  is  the  phase  measurement  noise.  In  the  fol¬ 
lowing,  we  assume  that  bi{k)  is  a  discrete  white 
gaussian  noise,  having  zero  mean  and  variance  cr^. 

As  long  as  the  lock  on  the  signal  is  held,  the  phase 
measurement  device  can  keep  track  of  all  the  detected 
whole-cycle  phase  revolutions,  and  all  the  phase  mea¬ 
surements  delivered  are  biased  by  the  same  phase  am- 
biguity  Ni,  When  a  cycle  slip  occurs,  that  is  when  a 
loss  of  lock  on  the  signal  is  experienced,  the  phase  mea¬ 
surements  can  not  be  performed  any  more.  Once  the 
signal  is  re-acquired,  the  integer  number  of  whole-cycle 
revolutions  has  been  lost,  and  the  initial  ambiguity  has  a 
different  value. 

The  multipath  propagation  of  the  signal  can  be  re¬ 
sponsible  for  a  loss  of  phase  lock.  It  may  also  cause 
the  ambiguities  to  be  resolved  to  incorrect  values.  The 
effect  of  multipath  on  the  performance  of  the  method 
presented  in  this  paper  will  not  be  investigated  here.  In 
consequence,  the  term  Smuitik)  will  be  neglected. 

Assume  now  that  two  receivers,  denoted  with  the 
subscripts  1  and  2,  make  the  carrier  beat  phase  measure¬ 
ments  of  the  signal  transmitted  by  the  satellite  i  at  the 
same  epochs.  The  receivers  are  supposed  to  be  close 
to  each  other,  so  that  the  tropospheric  and  ionospheric 
propagation  delays  affecting  their  measurements  can  be 
considered  as  identical.  This  approximation  will  be  valid 
as  long  as  the  distance  between  them  is  less  than  20  km. 

In  order  to  eliminate  the  satellite  clock  offset,  we 
can  form  the  single  differences  of  phase 

A^i{k)  =  ^iXk)~^2Xk) 

=  fAtR,,-^^^-ANi  +  Abi{k) 

where 

•  =  A<ft,  -  A<fi2 

•  ADi{k)=^Du{k)-D2Xk) 

•  ANi  Nu  -■N2, 

•  Abi{k)  =  buik)-b2Xk) 


Further  on,  to  remove  the  receiver  clock  offset,  we 
can  form  the  double  differences  of  phase,  as  shown  in 
the  following.  This  is  achieved  by  choosing  a  reference 
satellite.  For  demonstration  purposes,  satellite  1  will 
be  chosen  as  the  reference  satellite.  If  N  satellites  are 
being  tracked  at  epoch  k,  we  can  form  N  ~  I  double 
differences  with  the  A  —  1  remaining  satellites; 

VA^u{k)  =  A^x{k)  -  A^i{k) 

=  -  VANu+VAbuik)  (2) 

where 

•  VADuik)  =  ADi{k)  -  ADi{k) 

•  VA Ah  =  ANi  -  ANi 

•  VAbu{k) Abi{k)  ~  Abi{k) 

The  model  (2)  for  the  double  differences  depends 
on  the  known  coordinates  of  satellite  1  and  satellite  i, 
and  on  the  coordinates  of  the  two  receivers.  Thus,  once 
the  double  difference  ambiguities  VANu  are  solved,  we 
may  be  able  to  reach  the  desired  positioning  information 
contained  within  the  double  differences  of  phase. 

Assume  now  that  the  coordinates  of  one  receiver,  say 
receiver  1,  are  well  known.  In  the  case  where  receiver  2 
keeps  a  constant  position  during  the  ambiguity  resolution 
procedure,  then  the  number  of  unknowns  in  the  system  of 
the  double  differenced  equations  at  any  epoch  is3-i-A  — 
1  =  A  -h  2,  while  the  number  of  observations  is  A  —  1. 
Then,  the  system  can  be  solved  using  the  observations 
gathered  over  two  epochs  if  2(A  —  1)  >  A  -f  2,  that 
is  if  A  >  4.  The  resolution  yields  an  estimate  of  the 
double  differences  ambiguities  as  well  as  an  estimate  of 
the  position  of  receiver  2. 

The  double  difference  model  (2)  is  linearized  and 
solved  using  an  iterative  procedure,  as  described  by  Re- 
mondi  (Remondi,  1984),  Rocken  (Rocken,  1988),  Ble- 
witt  (Blewitt,  1989),  Leick  (Leick,  1990)  or  Hofman  et 
al.  (Hofman  et  al.,  1993)  for  example. 

When  the  position  of  receiver  2  cannot  be  modelled 
as  a  constant,  the  system  cannot  be  directly  solved,  as  the 
number  of  unknowns  increases  over  time.  Performing  an 
active  search  of  the  correct  solution  at  each  epoch  is  an 
adequate  strategy  for  the  resolution  of  the  ambiguities. 
This  search  is  carried  out  over  a  physical  or  a  mathemat¬ 
ical  domain  centered  around  an  estimate  of  the  solution. 
These  methods  require  a  great  calculation  power  from 
the  executing  processor. 

The  Ambiguity  Function  Method,  described  by  Re¬ 
mondi  (Remondi,  1984)  and  by  Mader  (Mader,  1992)  in 
the  dynamic  case,  searches  for  the  most  coherent  posi¬ 
tion  in  a  physical  volume,  considering  the  phase  mea¬ 
surements.  The  other  searching  techniques  search  for 
the  most  coherent  combination  of  the  double  difference 
ambiguities  in  a  mathematical  set  of  probable  discrete 
combinations.  Numerous  methods  have  been  proposed 
so  far.  Among  them,  are  the  Least  Squares  Ambiguity 
Search  Technique  (LSAST)  described  by  Hatch  (Hatch, 
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1991)  or  Lachapelle  et  al.  (Lachapelle  et  al.,  1992), 
the  Fast  Ambiguity  Resolution  Approach  (FARA)  de¬ 
scribed  by  Frei  and  Beutler  (Frei  and  Beutler,  1990), 
the  Fast  Ambiguity  Search  Filter  (FASF)  described  by 
Chen  (Chen,  1993),  the  optimized  Cholesky  decompo¬ 
sition  method  described  by  Landau  and  Euler  (Landau 
and  Euler,  1992),  or  the  integrated  ’on-the-fly  ’  technique 
described  by  H.Abiddin  (Abidin,  1991)  which  achieves 
an  integration  of  several  techniques. 

We  will  now  have  a  closer  look  to  the  methods 
searching  for  the  ambiguities  related  to  only  four  par¬ 
ticular  satellites,  like  the  method  described  by  Hatch 
(Hatch,  1991)  or  Lachapelle  et  al.  (Lachapelle  et  al., 

1992) .  Let  us  denote  Nk  as  the  number  of  tracked  satel¬ 
lites  at  epoch  k.  We  can  split  the  system  of  the  Nk  —  I 
equations  (2)  in  two  parts  : 

♦  the  system  of  the  3  double  difference  equations  cor¬ 
responding  to  four  particular  satellites.  These  satel¬ 
lites  are  called  the  primary  satellites 

•  the  system  of  the  Nk  -  ^  remaining  double  differ¬ 
ence  equations  corresponding  to  the  other  satellites. 
These  satellites  are  in  turn  called  the  secondary 
satellites. 

All  the  quantities  related  to  the  primary  satellites 
(resp.  the  secondary  satellites),  like  the  observations,  the 
ambiguities  and  the  phase  noise  values  will  be  qualified 
as  primary  (resp.  secondary)  quantities. 

If  the  primary  ambiguities  are  known,  then  the  po¬ 
sition  of  the  moving  receiver  can  be  determined,  and 
the  secondary  ambiguities  can  be  known.  Thus  it  is  not 
necessary  to  search  for  the  entire  set  of  the  unknown 
ambiguities,  and  some  computation  effort  can  be  saved. 

For  example,  the  method  described  by  Lachapelle  et 
al.  (Lachapelle  et  al.,  1992)  searches  for  the  primary  am¬ 
biguities  that  are  associated,  through  the  primary  system 
of  equations,  with  a  physical  position  contained  within  a 
search  cube  built  around  a  carrier-phase-smoothed  code 
solution.  At  each  measurement  epoch  At,  for  each  poten¬ 
tial  three-integer  combination,  the  difference  between 
the  actual  secondary  phase  observations  and  some  com¬ 
puted  observations  is  formed.  This  secondary  prediction 
error,  called  z{k),  together  with  the  secondary  observa¬ 
tions  covariance  matrix  T,ss{k)  can  be  used  to  form  the 
local  variance  factor 

.2,,,  z{kyi:ssikr^zik) 

^oik)  =  — 

A  global  variance  factor  can  also  be  built  using  all  of  the 
local  variance  factors.  A  candidate  yielding  too  high  a 
local  or  global  variance  factor  is  rejected  from  the  search 
set,  and  thus  will  not  be  tested  for  during  the  next  search 
epoch.  After  several  rejection  epochs,  the  best  combi¬ 
nation  can  be  isolated  in  the  set. 

Considering  the  statistical  aspect  of  these  methods, 
we  see  that  the  ambiguity  searching  procedures  can  be 


included  in  the  large  group  of  the  multiple  hypotheses 
sequential  tests.  The  set  of  the  potential  three-integer 
vectors  constitutes  the  set  of  the  unknown  parameters 
of  the  probability  density  function  of  the  primary  and 
secondary  observations.  Let  us  call  this  set  J\f.  Thus, 
the  procedure  is  built  to  decide  between  the  hypotheses : 

Nabc  ”  ^[ct  6  c]  . 

[VANn  VAAi3  VAATh]  =  [a  b  c]} 

for  each  three-integer  vector  [a  b  c]  E  ff.  In  this  dis¬ 
cussion,  satellites  1,2, 3,4  are  considered  as  being  the  4 
primary  satellites. 

The  decision  is  taken  using  the  raw  data 
VA^^  = 

[VA^n(l)...VA^i;v,(l)... 

VA$ii(n) , . .  VA^iAr„(n)] 

The  test  is  a  mapping  g  that  associates  to  the  observation 
data  VA$”  a  particular  hypothesis  Habc  • 

g  (VA$7)  =  Habc 

The  decision  is  taken  at  the  epoch  n  when  a  preset  deci¬ 
sion  condition  is  satisfied.  Thus  the  size  of  the  sample 
VA$”  is  not  known  before  the  test  is  performed,  and  a 
compromise  must  be  struck  between  the  delay  in  making 
the  decision  and  the  accuracy  of  that  decision  by  speci¬ 
fying  the  decision  condition.  This  kind  of  test  is  called 
a  sequential  test.  The  important  sets  of  parameters  used 
to  assess  the  quality  of  a  sequential  test  are  the  set  of 
the  error  probabilities  and  the  set  of  the  Average  Sample 
Numbers  (ASNs). 

The  set  of  the  error  probabilities  is  the  set  of  the 
conditional  probabilities 

(Xabc  =  P[9  (VA$^)  ^  Habc  I  Habc  true] 

We  can  build  the  weighted  error  probability  as 

5(9)=  E  P[Habc  true]aabc 

abc^Jsf 

The  set  of  the  ASNs  is  the  set  of  the  conditional  expec¬ 
tations  : 

ASNabc  =  E[n\  Habc  true] 

A  sequential  test  is  usually  built  by  specifying  values  for 
the  error  probabilities.  These  values  are  inserted  into 
the  theoretical  expressions  of  the  decision  thresholds  to 
design  the  test.  The  ASNs  are  also  determined  using 
their  own  theoretical  expressions. 

In  the  case  of  the  ambiguity  searching  algorithms, 
like  in  the  case  of  most  multiple  hypotheses  sequential 
tests,  these  theoretical  expressions  are  hard  to  derive, 
and  the  design  is  made  with  empirical  threshold  values. 
These  values  are  set  so  that  the  measured  error  prob¬ 
abilities  and  ASNs  are  as  low  as  required.  The  error 
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probabilities  and  the  ASNs  thus  become  estimated  crite¬ 
ria  used  to  assess  the  performance  of  the  test. 

Several  decision  criteria  can  be  chosen.  The  LSAST 
method  uses  the  weighted  least  squares  sum  of  the  pre¬ 
diction  errors  for  each  hypothesis.  The  MARAS  method 
uses  the  a  posteriori  probability  of  each  hypothesis  know¬ 
ing  the  prediction  errors. 

3.  THE  MAPAS  METHOD 

The  Maximum  A  Posteriori  Ambiguity  Search  (MA¬ 
PAS)  method  is  based  on  the  same  basic  principles  as  the 
LSAST  method  described  by  Hatch  (Hatch,  1991).  The 
main  difference  resides  in  the  decision  criterion  used 
by  the  test  :  the  MAPAS  method  uses  the  a  posterior- 
i  probability  of  each  potential  solution  knowing  all  the 
past  secondary  prediction  errors.  Thus  the  criterion  is 
a  naturally  global  parameter,  and  all  the  measurements 
acquired  up  to  the  current  epoch  are  considered  when  a 
decision  is  taken. 

The  principle  of  this  method  is  inspired  from  the 
method  described  by  Brown  and  Hwang  (Brown  and 
Hwang,  1983),  where  the  ambiguities  are  estimated  as 
unknown  parameters  of  an  observation  model  using  a 
Kalman  filter. 


Figure  1:  Illustration  of  the  situation  of  the  receivers  in 
a  local  coordinate  system. 

The  MAPAS  method  assumes  that  the  measurements 
made  by  two  receivers,  located  as  described  in  figure  1, 
are  available  at  each  measurement  epoch.  Receiver  1 
is  called  the  reference  station.  Its  position,  denoted  A, 
must  be  well  known,  and  its  code  and  phase  measure¬ 
ments  must  be  known  by  receiver  2.  In  the  following 
discussions,  we  will  consider  that  receiver  2  is  located 
in  B’.  The  ground  distance  between  A  and  B’  should  be 
less  than  20  km,  and  their  altitude  should  not  differ  by 
more  than  1 .5  km.  Thus  the  ionospheric  and  tropospher¬ 
ic  propagation  delays  will  be  considered  as  identical  for 
both  receivers.  At  each  measurement  epoch,  a  good  es¬ 
timate  of  the  position  of  receiver  2,  called  B,  must  be 


available.  This  estimation  can  be  made  using  pseudo¬ 
range  corrections  delivered  by  the  reference  station,  or 
using  a  carrier-phase-smoothed  code  technique.  The  s- 
tandard  deviation  of  the  estimate  should  be  less  than  Im 
on  either  axis  in  order  to  restrict  the  number  of  ambigu¬ 
ities  candidates. 

The  main  steps  of  the  MAPAS  method  are  as  fol¬ 
lows.  The  procedure  is  initialized  at  epoch  0  by  the 
selection  of  four  particular  satellites  among  the  tracked 
satellites,  and  by  the  construction  of  the  set  of  the  can¬ 
didate  primary  ambiguities.  Then,  at  each  measurement 
epoch,  for  each  potential  solution,  a  prediction  of  the 
secondary  phase  measurements  is  made,  and  subtracted 
from  the  actual  secondary  phase  measurements.  The  a 
posteriori  probability  of  each  potential  solution  in  the  set 
is  then  computed  from  the  a  priori  probability  of  each 
prediction  error.  That  potential  solution  is  rejected  from 
the  set  if  its  a  posteriori  probability  is  lower  than  a  preset 
acceptance  threshold.  If  the  largest  a  posteriori  probabil¬ 
ity  of  the  set  is  higher  than  a  predefined  threshold,  then 
the  combination  related  to  that  best  value  is  elected  as 
the  correct  solution. 

The  primary  satellites  are  selected  according  to  their 
PDOP  factor,  among  the  tracked  satellites  whose  ele¬ 
vation  is  greater  than  7.5  deg,  in  order  to  ensure  their 
visibility  during  the  whole  resolution  procedure. 

The  PDOP  of  the  primary  satellites  is  an  important 
selection  criterion,  as  it  seriously  affects  the  performance 
parameters  of  the  test.  If  the  primary  satellites  are  the 
satellites  meeting  the  elevation  angle  requirement  with 
the  lowest  PDOP  factor,  then  the  number  of  initial  po¬ 
tential  solutions  is  at  its  maximum.  Many  observation 
epochs,  as  well  as  many  computer  operations  are  then 
required  to  isolate  the  correct  ambiguities.  A  minimum 
PDOP  of  5  is  usually  required.  On  the  other  hand,  when 
the  PDOP  of  the  primary  satellites  is  too  high,  the  poste¬ 
rior  probability  of  the  true  solution  may  be  accidentally 
lowered  because  of  inaccurate  intermediate  position  es¬ 
timates,  as  it  will  be  pointed  out  further.  In  this  case,  a 
reasonable  upper  bound  of  10  is  set. 

Thus  the  PDOP  of  the  primary  satellites  has  an  op¬ 
posite  influence  on  the  duration  of  the  test  and  on  its 
error  probability,  and  an  ideal  mean  value  has  to  be  se¬ 
lected.  In  the  case  of  the  MAPAS  algorithm,  the  primary 
satellites  are  chosen  as  the  satellites  of  elevation  angle 
greater  than  7.5  deg  having  the  PDOP  factor  which  is  the 
closest  to  the  arbitrary  value.of  7.5. 

The  double  difference  model  (2)  is  linearized  around 
the  position  estimate  B.  The  phase  data  used  by  the  pro¬ 
cedure  at  each  measurement  epoch  are  the  double  dif¬ 
ferences  of  phase  that  can  be  formed  using  the  actual 
phase  measurements  made  by  the  moving  receiver,  and 
the  computed  phase  measurements  that  could  be  made 
by  receiver  1  if  it  was  located  in  point  B,  corresponding 
to  the  position  estimate.  The  computed  measurements 
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are  denoted  ^3i(fc).  Considering  equation  (1),  we  have: 

^3i{k)-^2i{k)=  (3) 

-  ^^■(*)-^^-(*)  -  ANi  +  Abi{k) 

Therefore,  we  can  use  the  single  differences  of  phase 
A^i{k)  =  ^3i{k)  —  ^2i{k),  where  ^3i{k)  is  generated 
using  Q. 

A^i{k)  has  the  same  ambiguity  and  noise  values  as 

A^i{k). 

As  point  B  is  very  close  to  point  B’,  we  can  lin¬ 
earize  the  model  (3),  assuming  that  the  direction  cosines 
{Cx{k)y  Cy{k),  Cz{k))  of  the  satellites  are  identical  for 
both  receivers.  This  approximation  is  justified  because 
the  distance  between  B  and  B’  is  of  the  order  of  a  few 
meters.  We  have 

Dii{k)-D2i{k)  =  Cri{k)  {xB{k)  -XB'ik)) 
+Cyi{k)  {yB(k)-yB'{k)) 

+C;,i{k)  {zB{k)-ZB'(k)) 

and  if  we  note 


as  an  ellipsoid  centered  on  the  estimated  position  B. 
The  semi-axes  of  the  ellipsoid  are  set  to  three  times  the 
corresponding  values  of  the  standard  deviations  of  the 
position  estimate.  The  first  step  of  the  elaboration  of  the 
initial  set  M  can  be  the  calculation  of  the  ambiguities 
corresponding  to  the  eight  corners  of  the  cube  englobing 
the  ellipsoid  using  (5).  Then  we  can  build  the  set  of 
ambiguities  delimited  by  these  eight  values.  Eventual¬ 
ly,  the  set  M  is  formed  by  rejecting  those  ambiguities 
associated  with  a  position  located  outside  the  ellipsoid. 

At  each  epoch  Ar,  the  position  associated  with  a  par¬ 
ticular  combination  =  [ah c\  can  be  estimated 

using  the  primary  phase  observations.  For  example,  us¬ 
ing  least  squares  estimation  theory,  we  get : 

ARa,c{k)  ^  ~S{k)^p{k)  ~  S{k)Np^,^  (7) 

where  S{k)  is 

S{k)  =  [Cp{k)'^i:p'p(k)Cp{k)]~' Cp(k)^'Sp'p(k) 

and  Epp(/?)  is  the  covariance  matrix  of  the  prima¬ 
ry  observations.  Using  (2)  and  the  assumptions  on  the 
phase  measurement  noise  process  made  in  (1),  the  ex¬ 
pression  of  this  matrix  can  be  shown  to  be 


AR{k)  =  [xB{k)  -XB'{k) 

yB{k)-yB'{k)  ZB{k)-ZB'{k)]‘^ 


Epp(^)  =  (7^ 


4  2  2 
2  4  2 
2  2  4 


(8) 


and 

Ci{k)  =  i  [C,i(k)  Cyi{k)  C,iik)] 
then  we  have 
A^i{k)  = 

fAiR,,  »  Ci{k)AR{k)  -  ANi{k)  +  Ahi{k) 

For  the  tracked  satellites,  we  can  form  the  following 
linearized  models  of  the  double  differences  of  phase  : 

VA^uik)  =  (4) 

-CM{k)AR{k)  -  VANxi  +  VAhxi{k) 

where  C\i{k)  =  C\{k)  —  Ci{k). 

We  can  stack  the  Ajk  —  1  values  VA^\i{k)  ob¬ 
tained  in  (4)  into  two  separate  vectors  and  ^s{k). 

^p{k)  contains  the  3  values  related  to  the  4  primary 
satellites,  and  ^s{k)  contains  the  Afc  —  4  values  related 
to  the  secondary  satellites.  Thus,  we  get  the  following 
primary  and  secondary  systems  of  equations,  using  vec¬ 
tors  and  matrices  denoted  with  the  respective  subscripts 
P  and  5 : 

^p{k)  =  -Cp{k)AR{k)  -  Ap  -f  bp{k)  (5) 
^s{k)  =  -Cs{k)AR{k)  ^  As  +  bs{k)  (6) 


A  prediction  of  the  secondary  phase  measurements  at 
the  epoch  k  can  be  elaborated  if  we  inspire  from  the 
linear  measurement  model  (6).  Assume  a  prediction  of 
the  secondary  ambiguities  Nsabc  (k)  is  available  for  each 
combination  [a  b  c]  in  AT. 

We  can  then  form  the  prediction 

^s..Ak)  =  -Csik)ARaUk)  -  Ns.^Ak)  (9) 

The  prediction  Ns^baik)  can  be  made  using  all  the 
past  secondary  observations  obtained  from  the  satellites 
present  in  ^s{k). 

For  example,  considering  the  fact  that  for  the  true 
hypothesis  the  prediction  of  the  secondary  ambiguities 
should  be  a  vector  of  constant  integers,  we  can  choose 
to  use  the  prediction 

.  fc-i 

Ns..Ak)  =  \Round{-—J2^-Ciiij)ARaicU) 

-VA^uUMieisM  (10) 

where  ki  is  the  first  epoch  of  lock  on  the  signal  trans¬ 
mitted  by  satellite  i.  A  predicted  value  of  secondary 
ambiguity  concerning  satellite  i  is  then  computed  for  the 
first  time  at  epoch  -f-  1 . 


The  set  of  the  acceptable  three-integer  solution  vectors 
can  be  built  using  the  primary  system  (5)  at  the  initial 
epoch  0.  The  physical  search  volume  can  be  chosen 


We  need  now  to  introduce  the  a  posteriori  probability 
of  each  potential  value  [a  6  c],  conditionally  on  the 
value  of  the  prediction  errors.  That  probability  is  the 
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conditional  probability  for  the  true  value  of  the  prinniary 
ambiguities  [pqr]  to  be  equal  to  [a  be],  given  the  values 
of  the  prediction  errors  obtained  for  that  hypothesis  [a  b  c] 
up  to  the  current  epoch. 

The  actual  secondary  observations  depend  on  the 
true  primary  ambiguities  =  [pqr].  The  true 

position  can  be  expressed  as  : 

ARp,r(k)=  (11) 

-s{knP,,M  -  +  s{k)bp{k) 

so  that 

=  ~Cs{k)ARp,r{k)-Ns,,.  +  bs(k)  (12) 

Thus,  for  each  candidate  ,  the  prediction  error 
can  be  written  as  : 

ZaUk)  =  ^s,,Ak)-^s..Ak)  (13) 

Using  Bayes’  rule,  we  can  write  the  a  posteriori  prob¬ 
ability  of  a  particular  three-integer  combination  [a  b  c] 
as  : 

P[Np  =  [abc]\zaic1]=  (14) 

J  (^•bc!'  |  iVp=[a  b  c])  P[Np=la  b  c]] 

E(„  bc|€V  f(^.^c1\Np=lahc])PlNp=[a  b  c]| 

where  2a6ci  =  [zabeW  ■  ■  ■  Zabeik)]  and  jV"  is  the  set 
containing  all  the  [a  b  c]  candidates. 

f{zabcUNp  =  [abc])  (15) 

is  the  value  of  the  a  priori  probability  density  function  of 
the  innovations  at  the  point  Zahci^  We  assume  that  each 
three-integer  combination  in  Af  is  equally  probable,  so 
that  (14)  can  be  reduced  to 

P  [Np  =  [a 6 c]  I  Zabc^t]  =  (16) 

/(^«bcf|Arp=[aic]) 

Thus,  at  each  epoch  k,  the  a  posteriori  probability  of 
each  potential  solution  in  the  set  can  be  computed  once 
the  current  value  of  (15)  is  determined  for  every  hypoth¬ 
esis. 

The  nature  of  the  a  priori  law  of  probability  of  the 
recorded  prediction  errors  Zabc\^  as  well  as  the  value  of 
their  conditional  mean  and  covariance  matrix  has  to  be 
determined  in  order  to  perform  the  calculation  of  (15). 

From  (13),  if  we  insert  (7)  into  (9),  and  (11)  into 
(12),  we  can  derive  the  expression  of  the  conditional 
prediction  error  for  a  candidate  solution  [a  6  c] : 

Zabc{k)  \  Np-\pqr]=[abc]  (17) 

=  Ns.M  -  -  Cs{k)S{k)bp{k)  +  bs{k) 

Moreover,  assuming  Np  =  [pqr]  =  [a  6 c],  we  have 

=  (18) 


If  no  precaution  is  taken  when  using  the  predictions 
elaborated  with  (10),  this  assumption  may  not  be  verified 
for  the  true  combination  [a  be],  especially  in  the  first 
stages  of  the  procedure,  when  few  measurements  have 
been  used  to  compute  the  average.  A  way  to  counter 
that  is  to  allow  the  prediction  several  averaging  epochs 
to  get  stabilized  to  the  correct  value  before  using  it  for 
statistical  selection.  However,  it  is  very  essential  that 
the  algorithm  uses  all  the  information  available  to  feed 
its  selection  routines  within  the  shortest  delay,  and  the 
predictions  elaborated  should  be  used  by  the  test  as  early 
as  possible.  Moreover,  this  prediction  is  not  very  noise 
sensitive,  and  it  has  proven  to  be  highly  accurate  during 
all  the  trials  performed. 

Hence,  the  MAPAS  algorithm  releases  the  sec¬ 
ondary  ambiguity  predictions  concerning  a  given  satel¬ 
lite  only  if  there  exists  at  least  one  [a  b  e]  candidate  for 
which  one  that  prediction  has  been  constant  for  2  epochs. 

Note  that  is  is  important  for  the  validity  of  assump¬ 
tion  (18)  that  the  primary  satellites  do  not  have  too  high 
a  PDOP  factor.  Indeed,  if  the  estimate  (7)  is  not  accurate 
enough  for  the  true  solution,  the  ambiguity  prediction 
(10)  may  be  biased  by  a  value  of  one  full  cycle.  In  that 
case,  the  error  prediction  will  be  accidentally  large,  and 
the  a  posteriori  probability  of  the  true  solution  will  be 
abnormally  low. 

As  assumption  (18)  is  made,  (17)  becomes  : 

Zabc{k)  \  Np=[abe]  (19) 

=  ~Cs{k)S{k)bpik)^bs{k) 

Since  the  additive  phase  noise  measurement  as¬ 
sumed  in  (1)  is  a  white  noise  process,  expres¬ 
sion  (19)  shows  that  the  successive  random  vectors 
^abc{k)  I  Np  ~  [a  be]  are  independent  over  time.  Thus 
Zabc\  is  composed  of  k  independent  vectors.  The  val¬ 
ue  of  the  a  priori  probability  density  function  (15)  can 
therefore  be  computed  as 

/  (zabc'i  \  Np  =  [a  be]) 

=  nL)  /  (z^abcii)  I  Np  =  [a<>c])  (20) 

Still  using  (19),  as  the  phase  measurement  noise  process 
is  assumed  to  be  a  white  gaussian  noise  with  zero  mean, 
we  see  that  Zabeik)  \  Np  =  [a  6c]  is  a  gaussian  vector 
with  zero  mean.  Its  covariance  matrix  is 

^{k)  =  Cov{zabc{k)  \Np=[abc])) 

=  Cs{k)S{k)i:ppik)S{k)^Csik)'^ 

+i:ssik)-Csik)Sik)i:ps{k) 

-i:ps{k)^Sik)-^Cs{k)'^ 

where 

•  Epp(k)  is  the  covariance  matrix  of  the  primary 

observations.  Its  expression  is  given  in  (8). 
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•  I^ssik)  is  the  covariance  matrix  of  the  secondary 


observations.  Its  expression  is  : 


■  4  2  .  2 

24  2  : 

Sss(fc)  =  ;  2  ■■■  2  : 

:  ...  2  4  : 

_  2  .  2  4 

•  Sps(^)  =  is  the  cross-covariance  ma¬ 

trix  between  the  primary  observations  and  the  sec¬ 
ondary  observations.  Its  expression  is  : 

■  2  2  2 
i:sp{k)  =  o-^  :  :  : 

2  2  2 


Thus,  /  {zabci  1  Np  =  [a  6c])  can  be  recursively 
computed  by  multiplying  each  of  the  successive  values 


f  {zabc{k)\Np  =  [abc\) 


:X  0\p--Zabc{^y  ^Zabc{l^) 


2^— 2^ydetE(fc)  ^ 

The  normalization  factor  — ^^^^4  ^  . — 

27r^V”^detE(I) 

need  to  be  computed,  as  the  value  given  in  (21)  is  only 
used  to  update  (15)  through  (20),  which  is  in  turn  used 
to  calculate  the  a  posteriori  probability  (16),  where  it 
cancels. 

The  algorithm  of  the  procedure  is  shown  in  figure 
2.  The  symbol  P{k)  is  used  to  designate  the  a  posteriori 
probability  of  a  candidate  at  epoch  k,  f{k)  designates  the 
corresponding  value  of  the  a  priori  probability  density 
function,  and  s{k)  is  the  sum  of  the  prior  probabilities 
of  all  the  candidates  in  the  set.  Po  is  the  upper  decision 
threshold  and  Pmin  is  the  rejection  threshold. 

The  algorithm  shown  in  figure  2  evaluates  f{k)  for 
the  current  epoch  A?,  and  P( A:  -  1 )  for  the  previous  epoch 
k  —  I  using  the  sum  s{k  —  1).  This  is  done  to  avoid  a 
second  scan  of  the  set  to  calculate  P{k)  with  the  sum  of 
the  current /(A:)  inthebigwhile  loop.  This  causes  a  non¬ 
sensitive  delay  of  one  epoch  in  the  instant  of  decision. 

If  a  cycle  slip  is  experienced  on  the  signal  received 
from  any  primary  satellite,  the  procedure  must  be  restart¬ 
ed. 

4.  SIMULATION  RESULTS 


The  raw  phase  data  used  for  the  simulations  is  the 
double  differenced  phase  data  that  could  have  been 
formed  using  two  receivers  in  the  city  of  Valence,  on 
October?*^,  1994. 

In  these  simulations,  one  reference  station  is  consid¬ 
ered,  and  the  moving  receiver  is  assumed  to  be  moving 
along  a  certain  simulated  trajectory. 

The  simulations  were  run  using  the  satellite  constel¬ 
lation  visible  from  0:00  a.m.  till  12:00  a.m.  on  October 


Figure  2:  Main  steps  of  the  MAPAS  algorithm. 


lih^  1994.  The  procedure  ignored  the  satellites  of  ele¬ 
vation  less  than  5  deg.  Thus,  the  number  of  considered 
satellites  during  the  various  ambiguity  resolution  trials 
ranged  from  6  to  1 1 . 

Phase  measurements  for  these  satellites  were  gen¬ 
erated  every  second.  The  measurements  were  consid¬ 
ered  as  affected  by  the  same  tropospheric  and  ionospher¬ 
ic  propagation  terms,  and  by  a  discrete  white  gaussian 
noise.  The  standard  deviation  of  this  noise  was  set  to 
a  =  I  mm. 

The  ambiguity  resolution  trials  were  performed  one 
after  the  other  over  the  24  hours.  For  each  trial,  the 
number  of  measurement  epochs  and  the  computation 
time  required  for  the  algorithm  to  be  able  to  make  a 
decision,  as  well  as  the  truthfulness  of  the  value  of  the 
ambiguities  selected  were  recorded.  The  size  of  the 
search  ellipsoid  was  set  with  the  following  values  of 
semi-axes  :  {a^  =  2m,  ay  =  2m,  —  2.5m). 

The  design  parameters  of  the  procedure  are  the  re¬ 
jection  criterion  Pmin  and  the  upper  decision  threshold 
Po. 

The  values  assigned  to  these  parameters  affect  the 
error  probability,  the  Average  Sample  Number  (ASN), 
and  the  computation  time  of  the  procedure.  The  value 
of  the  true  primary  ambiguities  does  not  influence  the 
performance  of  the  procedure,  as  long  it  is  included  in 
the  initial  set.  Thus  only  one  estimated  ASN  and  one 
estimated  error  probability  will  be  given. 

A  subtile  tradeoff  must  be  achieved  when  specifying 
the  two  thresholds  Pmin  and  Po-  Both  of  them  must  be 
adjusted  so  that  false  solutions  are  quickly  rejected  from 
the  set,  while  the  correct  combination  is  kept.  Assign- 
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AVERAGE  NUMBER  OF  EPOCHS  FOR  AMBIGUITY  RESOLUTION 


Figure  3:  Average  duration  of  the  trials  in  epochs  as  a 
function  of  the  number  of  tracked  satellites. 

ing  a  high  value  to  Pmin  will  make  the  algorithm  reject 
quickly  the  false  solutions.  However,  it  will  increase  the 
chances  for  the  true  combination  to  be  accidentally  elim¬ 
inated  as  well,  and  the  error  probability  will  be  larger.  If 
that  value  is  set  too  low,  then  the  ASN  will  be  slightly 
higher,  and  a  prohibitive  number  of  operations  will  have 
to  be  performed  by  the  processor.  Similarly,  setting  Pq 
with  too  low  a  value  may  enable  a  false  solution  to  be 
elected,  and  the  error  probability  will  increase.  On  the 
other  hand,  setting  it  with  a  high  value  will  increase  the 
ASN. 

It  appears  that  for  reasonable  values  of  Pq  and  Pmin . 
Po  has  a  strong  influence  on  the  ASN  while  Pmin  directly 
affects  the  error  probability. 

The  influence  of  Pmin  is  illustrated  in  table  (4).  As 
the  abnormal  transient  values  of  posterior  probability 
are  mostly  observed  during  the  first  ten  epochs,  when  all 
the  candidates  share  the  unit  probability,  it  happens  very 
often  that  the  a  posteriori  probability  of  the  true  solution 
reaches  a  low  value.  But  it  is  very  rare  to  see  a  false 
solution  pass  the  upper  acceptance  threshold  Pq  when 
the  true  solution  is  still  in  the  set. 

Thus,  if  a  low  error  probability  is  to  be  reached,  it 
is  important  that  the  rejection  threshold  Pmin  be  set  to  a 
very  low  value.  However,  as  the  quantity  of  operations 
depends  strongly  on  the  number  of  candidates  handled 
by  the  procedure,  specifying  too  low  a  value  for  Pmin 
may  prevent  the  use  of  the  algorithm  for  real  time  appli¬ 
cations. 

The  adjustment  of  these  different  parameters  re¬ 
quired  a  lot  of  simulations,  and  only  the  first  satisfying 
results  obtained  are  presented  here.  The  results  of  2493 
trials  are  presented  in  figures  3,  5,  6,  7  and  8.  For  these 
trials,  the  rejection  criterion  was  set  to  Pmin  =  10"^ 
and  the  decision  threshold  was  set  to  Pq  =  0,9999.  The 
observed  global  success  rate  for  all  the  simulation  runs 


p  . 
mzn 

Error  rate 
in  % 

Average 
computation 
time  in  s 

ASN 

10-^ 

99.12 

34.17 

63.3 

10-'’ 

99.34 

36.25 

63.4 

10-« 

99.56 

41.51 

63.5 

Figure  4:  Evolution  of  the  performance  parameters  when 
Pmin  decreases,  for  Pq  =  0.9999. 


PERCENTAGE  OF  SUCCESSFULL  AMBIGUITY  RESOLUTIONS 


Figure  5:  Percentage  of  successful  trials  as  a  function  of 
the  number  of  tracked  satellites. 

is  0.9912.  The  ASN  is  63. 

These  performance  parameters  were  estimated  for 
the  different  numbers  of  tracked  satellites,  and  are  pre¬ 
sented  in  figures  3,  5  and  8. 

As  the  rate  of  acquisition  of  the  information  increas¬ 
es,  that  is  as  the  number  of  satellites  increases,  both  the 
rejection  and  the  selection  procedures  are  more  efficient 
and  this  results  in  an  improvement  of  the  ASN,  as  it  is 
shown  in  figure  3. 

As  seen  in  figure  6  and  7,  the  values  selected  for  the 
design  parameters  enable  the  correct  combination  to  be 
kept  inside  the  search  set  despite  its  erratic  initial  path, 
and  to  be  eventually  isolated. 

The  average  computation  times  required  to  perform 
the  search  on  an  HP  712/80  workstation  are  shown  on 
figure  8.  These  durations  represent  the  whole  execution 
time  of  the  entire  resolution.  The  times  presented  here 
are  to  be  used  as  rough  indications  only,  as  no  partic¬ 
ular  effort  was  made  to  speed  up  the  execution  of  the 
procedure  so  far.  The  simulation  software  was  only  de¬ 
signed  to  study  the  validity  of  the  concept  of  the  MAPAS 
method.  However,  the  trend  of  the  evolution  of  these  fig¬ 
ures  with  the  number  of  satellites  can  be  analysed.  As 
seen  in  figure  8,  the  benefit  of  a  larger  number  of  ob¬ 
servations  per  epoch  offered  by  additional  satellites  is 
important  only  when  10  satellites  are  used.  Before  that, 
the  gain  in  the  ASN  is  not  big  enough  to  compensate  the 
heavy  volume  of  data  processed  by  the  computer. 
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AVERAGE  COMPUTATION  TIMES 


Figure  6:  Example  of  the  evolution  of  the  a  posteriori 
probabilities  over  time.  The  solid  line  corresponds  to 
the  correct  combination.  The  dashed  and  the  dotted 
lines  correspond  to  two  wrong  solutions  that  are  rejected 
sooner  or  later. 


EXAMPLE  OF  THE  EVOLUTION  OF  THE  NUMBER  OF  POTENTIAL  SOLUTIO  NS 


Figure  7:  Example  of  the  evolution  of  the  number  of 
potential  solutions  in  the  set.  The  set  contains  1541 
initial  potential  solutions. 


Figure  8:  Average  execution  time  of  the  simulation  soft¬ 
ware  as  a  function  of  the  number  of  tracked  satellites. 

5.  CONCLUSION 

The  MAPAS  method  makes  an  optimal  use  of  all 
the  current  and  past  code  and  phase  data  available  to  the 
receiver,  as  the  final  decision  is  taken  considering  all  the 
acquired  data. 

This  method  also  provides  a  means  to  quantify  the 
confidence  that  can  be  made  in  each  potential  solution. 
At  each  step  of  the  resolution,  the  a  posteriori  probabil¬ 
ity  of  a  particular  combination  can  be  delivered  by  the 
procedure. 

As  seen  from  the  first  simulation  results  presented 
here,  over  all  the  possible  satellite  configurations,  the 
MAPAS  method  raised  the  correct  ambiguities  with  a 
success  rate  of  99. 1  %,  and  an  average  number  of  epochs 
of  63.  This  encouraging  result  demonstrates  the  validity 
of  the  concept  of  an  ambiguity  searching  procedure  based 
on  the  a  posteriori  probability. 

Ongoing  investigations  aim  to  achieve  a  better  ad¬ 
justment  of  the  design  thresholds  as  well  as  an  optimiza¬ 
tion  of  the  algorithm,  so  that  the  real  time  performances 
of  the  method  can  be  improved. 
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Abstract 

This  is  a  new  self-learning  navigation  algorithm  based 
on  probability  space  and  non-Newtonian  dynamics. 
This  new  algorithm  relies  solely  on  the  measurements 
on  a  vehicle:  positions,  velocities  and  their  error  statis¬ 
tics.  The  basic  idea  behind  this  new  algorithm  is  two¬ 
fold:  (1)  A  cluster  of  the  observed  positions  contain 
true  kinematic  information  of  the  vehicle,  (2)  A  pro¬ 
cess  model  associated  with  the  error  statistics  of  the 
positions  is  able  to  squeeze,  to  a  large  extent,  the  in¬ 
formation  off  for  use.  We  base  the  new  algorithm  on 
an  analogy.  We  consider  the  statistical  confidence  re¬ 
gions  of  the  position  fixes  as  “sources”  tending  to  “at¬ 
tract”  the  undetermined  trajectory  to  pass  through 
these  regions.  With  these  position  fixes  and  their  error 
statistics,  an  imaginary  real-time  potential  field  is  con¬ 
structed  in  which  an  imaginary  mass  particle  is  forced 
to  move.  To  make  the  new  algorithm  be  flexible  to 
a  changing  navigation  environment,  we  leave  some  pa¬ 


rameters  unfixed  and  let  the  algorithm  determine  them 
using  a  sequence  of  observations  and  the  criterion  of 
least  square  errors  of  the  observation.  By  all  the  above 
efforts,  the  trajectory  of  the  imaginary  particle  can  be 
a  good  representative  path  of  the  vehicle. 

The  new  navigation  algorithm  has  been  tested  with 
both  simulated  and  real  navigation  data,  as  an  esti¬ 
mator,  predictor,  smoother  and  blunder  detector.  The 
test  results  have  demonstrated  that  the  new  algorithm 
has  some  advantages  over  Kalman  filter,  but  with  a 
slower  processing  speed, 

1  Introduction 

When  a  vehicle  is  traveling,  it  is  assumed  that  in¬ 
stantaneous  position  fixes  and  the  corresponding  error 
statistics  can  be  obtained  by  one  or  more  navigation 
services.  Our  purpose  is  to  estimate  the  position  of  the 
vehicle  at  present  and  predict  its  next  position  at  an 
interested  time  instant.  Existing  navigation  services 
include  classical  ground-based  radio  positioning  such 
as  Loran,  Tacan,  Omega;  satellite  positioning  such  as 
GPS  and  Transit;  and  self-contained  systems  such  as 
inertial  positioning,  gyrocompass  and  ship’s  log  (used 
at  sea).  No  matter  what  navigation  services  are  em¬ 
ployed,  a  navigation  algorithm  which  can  suppress  ran¬ 
dom  noise  in  observations  is  always  needed.  Even  with 
most  advanced  GPS  service,  the  detection  of  blunders 
or  the  test  of  reliability  on  the  coming  GPS  data  may 
be  required,  then  a  navigation  algorithm  with  a  blun¬ 
der  detection  function  may  also  be  desired. 

Navigation  problems  are  commonly  solved  by  com¬ 
bining  two  different  kinds  of  information:  observations 
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of  the  motion  of  the  vehicle,  and  a  process  model  de¬ 
rived  from  some  physical  laws.  Kalman  filter  is  the 
most  often  used  method.  Its  application  has  been  very 
successful  in  space  industry,  but  not  in  marine  naviga¬ 
tion.  Dove  and  Miller  [1989]  wrote  “  The  lack  of  re¬ 
cently  published  papers  describing  the  use  of  Kalman 
filters  in  marine  navigation  does  suggest  that  perhaps 
there  has  not  been  hoped  for  progress  in  this  area.”. 

The  implementation  of  Kalman  filter  is  dependent 
on  the  filter  being  tuned  with  a  proper  system  process 
model.  The  difficulty  of  the  application  of  Kalman  fil¬ 
ter  in  marine  navigation  is  usually  not  related  to  mea¬ 
surements  since  nowadays  precise  observations  can  be 
obtained.  Instead,  the  problem  arises  with  the  pro¬ 
cess  model.  Realistically,  in  many  environments,  an  a 
priori  process  model  is  far  from  enought  to  represent 
the  real  system  process,  especially  in  a  marine  envi¬ 
ronment  or  for  a  vehicle  under  heavy  maneuvering. 

In  light  of  this,  we  have  tried  to  develop  a  possible 
alternative  algorithm  which  relies  solely  on  measure¬ 
ment  on  a  vehicle:  positions,  velocities  and  their  error 
statistics. 

Section  2  describes  the  motivation  and  methodology 
of  the  research.  A  process  model  to  simulate  the  real 
process  of  the  vehicle  is  presented  in  Section  3.  Sec¬ 
tion  4  talks  about  the  self-learning  procedure  of  the 
new  algorithm.  Section  5  is  devoted  to  the  computa¬ 
tion  aspects  of  the  new  algorithm.  Then,  two  applica¬ 
tions  of  the  new  algorithm  are  presented  in  Section  6. 
Numerical  result  comparisons  between  a  Kalman  filter 
and  the  new  algorithm  can  also  be  found  in  Section  6. 

2  Motivation  and  methodology 

This  research  is  motivated  by  the  fact  that  a  cluster 
of  observed  position  fixes  on  a  vehicle  geometrically 
contain  true  kinematic  information  of  the  vehicle.  We 
desire  to  abstract  the  information  and  use  it.  Then, 
how  can  we  get  it? 

We  base  our  algorithm  on  an  analogy.  We  consider 
the  statistical  confidence  regions  (geometrical  descrip¬ 
tions  of  error  statistics)  of  the  position  fixes  as  “force 
sources”  tending  to  “attract”  the  undetermined  tra¬ 
jectory  to  pass  through  these  regions.  When  the  ve¬ 
hicle  is  traveling,  it  is  assumed  that  instantaneous  po¬ 
sition  fixes  and  the  corresponding  error  statistics  can 


be  obtained.  Based  on  these  position  fixes  and  error 
statistics,  an  imaginary  real-time  potential  field  may 
be  constructed  in  which  an  imaginary  mass  particle 
would  be  forced  to  move.  The  potential  field  caused 
by  single  position  fix  (we  call  it  position  potential  field) 
should  reflect  the  reliability  of  the  position  fix,  and  the 
produced  force  on  the  particle  should  monotonically 
decrease  with  the  closeness  of  the  particle  to  the  po¬ 
sition  fix.  When  a  new  fix  with  its  confidence  region 
appears,  if  the  particle  is  not  right  in  the  center  of 
the  confidence  region,  the  particle  would  be  attracted 
with  a  force  of  which  the  magnitude  is  proportional  to 
the  intensity  of  the  potential  surrounding  the  fix  and 
monotonically  decreases  with  the  decreasing  distance 
of  the  particle  from  the  fix.  Furthermore,  to  let  the  free 
particle  go  away  from  the  position  fix  after  the  posi¬ 
tion  fix  appears,  we  assume  the  effect  (potential)  of 
the  attracting  source  will  be  dissipating  exponentially 
with  time.  By  properly  choosing  position  potential 
function,  we  believe  the  trajectory  of  the  imaginary 
particle  could  be  a  representative  path  of  the  vehicle. 

An  attempt  to  create  a  new  navigation  algorithm 
based  on  the  same  motivation  was  made  by  Inzinga 
and  Vanicek  [1985].  In  their  research,  the  force  pro¬ 
duced  by  a  position  potential  field  on  the  particle  was 
directly  linked  with  the  probability  with  which  the 
position  fix  fell  into  a  two-dimensional  error  ellipse. 
But  the  derived  equation  of  the  motion  of  the  particle 
was  very  difficult,  if  not  impossible,  to  be  analytically 
treated. 

The  general  strategy  used  in  our  new  algorithm  is 
described  by  Fig.  1.  Based  on  the  new  idea,  we  must 
first  select  a  proper  potential  function  for  an  individual 
position  fix.  According  to  this  function  we  can  estab¬ 
lish  a  real-time  position  potential  field  for  the  cluster 
of  the  position  fixes.  Then  we  can  set  up  an  equa¬ 
tion  of  the  motion  of  the  particle.  We  solve  it  and 
get  the  process  model  of  the  new  algorithm.  To  be 
flexible  to  a  changing  navigation  environment,  the  po¬ 
tential  function  contains  some  parameters.  But  with¬ 
out  known  parameters  and  some  initial  conditions,  it 
is  not  known  which  trajectory  is  the  one  currently  be¬ 
ing  generated.  We  accordingly  require  some  further 
information  in  order  to  enable  us  to  narrow  down  our 
choice  and  to  select  a  trajectory  as  being  the  one  along 
which  we  believe  the  process  to  be  evolving.  We  design 
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Figure  1:  General  strategy  of  the  new  algorithm 


a  self-learning  procedure  for  the  new  algorithm  and  let 
it  learn  the  parameters  and  initial  conditions  from  pre¬ 
vious  observations.  By  a  so  called  observation  model, 
the  parameters  and  initial  conditions  in  the  process 
model  are  related  to  the  previous  observations.  At 
this  stage  the  least  square  errors  of  observations  will 
be  brought  in  as  a  criterion  for  the  parameter  deter¬ 
mination  so  that  the  trajectory  selection  is  best  in  the 
clearly  defined  sense.  The  criterion  and  the  observa¬ 
tion  model  basically  form  a  self-learning  component 
of  the  new  algorithm.  Then  nonlinear  least  square 
method  is  used  to  estimate  the  parameters  and  the 
present  position  as  well  as  the  smoothed  positions  for 
some  previous  fixes.  The  prediction  of  the  position  at 
the  interested  time  instant  can  be  made  based  on  the 
process  model  with  the  estimated  parameters  and  the 
present  position  of  the  vehicle.  To  get  the  covariance 
matrices  for  the  above  computed  (estimated,  predicted 
and  smoothed)  positions,  we  first  linearize  the  observa¬ 
tion  model  using  the  estimated  parameters,  and  then 
employ  linear  least  squares  method  on  the  linearized 
model.  Blunder  detection  will  be  made  right  upon 
the  arrival  of  new  data  according  to  the  compatibility 
between  the  prediction  and  the  new  data  by  checking 
whether  the  new  comer  is  located  within  the  confidence 


region  of  the  predicted  position  with  high  confidence 
level  (say,  0.999).  If  the  new  comer  is  not  compatible 
with  the  prediction,  it  may  be  discarded. 


3  Movement  of  a  free  particle 
in  a  non-Newtonian  gravita¬ 
tional  field 

3.1  Position  potential  field 

We  assume  that  the  error  vector  of  an  observed  po¬ 
sition  is  a  Gaussian  random  vector,  then  the  confi¬ 
dence  region  (error  ellipse  or  ellipsoid)  of  the  position 
is  supposed  to  completely  describe  the  position  accu¬ 
racy.  We  select  the  quadratic  form  of  the  confidence 
region  as  the  major  part  of  the  position  potential  func¬ 
tion  Ui^ 

Ui  =  G(r  -  r?f  cri(r  - 


where 


are  the  position  vectors  of  the  particle  and  the  i-th 
position  fix  respectively,  is  the  covariance  matrix 
of  the  z-th  position  fix  reflecting  the  uncertainty  of  the 
position  fix,  G  is  a  positive  parameter  which  plays  a 
similar  role  to  the  gravitation  constant  (a  scale  factor), 
a  is  a  positive  dissipating  parameter,  both  G  and  a  are 
to  be  determined,  t  represents  time  (t  >  ti),  and  ii  is 
the  time  instant  when  the  i-th  position  fix  appeared. 

The  real-time  position  potential  field  U  produced 
by  n  position  fixes  is  simply  the  summation  of  the  n 
individual  position  potential  fields, 

17  =  ±U, 

i=l 

=  Ge-“‘f;(r-r?fCri(r-r?)e“*-,  (1) 

i-1 

where  t>tn>  It  is  obvious  this  potential  field  is  non- 
Newtonian.  Here,  we  would  like  to  note  that  in  order 
to  make  the  new  algorithm  keep  pace  with  the  kine¬ 
matic  change  of  the  vehicle  as  close  as  possible,  as 
soon  as  a  new  position  fix  appears,  the  real-time  posi¬ 
tion  potential  field  will  be  updated  to  involve  the  new 
comer. 
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and 


3.2  Equation  of  the  motion  of  the  par¬ 
ticle 

The  partial  derivative  of  the  real-time  position  poten¬ 
tial  function  eqn.{l)  with  respect  to  r  gives  the  accel¬ 
eration  of  the  particle,  i.e., 
dU 

^  ~  ~  dr 

=  t>tn 

where 

n 

A  =  2G^e“‘‘Cr\ 

i=l 

n 

i=l 

This  is  the  equation  of  the  motion  of  the  particle  in  the 
real-time  position  potential  field  after  the  appearances 
of  the  n  position  fixes.  To  avoid  possible  numerical 
trouble,  we  move  the  origin  point  of  time  t  to  the  point 
tn.  Now  the  equation  of  the  motion  of  the  particle  can 
be  written  as  follows: 

i  =  -e“'"*(Ar-B),  t>0  (2) 

n 

i=l 

B  =  2G 

i-1 

3.3  Solution  for  the  equation  of  the 
motion 

In  the  following,  we  will  confine  ourselves  to  two  di¬ 
mension  navigation  problems.  But  this  does  not  mean 
that  the  basic  idea  is  not  applicable  to  three  dimen¬ 
sion  problems.  Furthermore,  for  simplicity  we  assume 
that  the  covariance  matrices  of  the  position  fixes  are 
diagonal.  When  the  covariance  matrices  are  fully  pop¬ 
ulated,  a  simplification  has  been  validated  [Xu,  1995]. 
We  denote  the  inverses  of  the  diagonal  covariance  ma¬ 
trices  as 


Then  eqn.{2)  can  be  split  into  two  uncoupled  ordinary 
differential  equations: 

X  =  -{A^x  -  t  >  0  (3) 


y=-{Ayy-By)e-‘^\  t>0  (4) 

where 

n 

A^  =  2G^e“(*--‘”)pxi. 

t  =  l 

1  =  1 
n 

Ay  =  2G^e“(*‘-‘’‘)p!,., 

zrrl 

By  =  2G^e“(‘‘-‘")p»iy?- 

We  first  derive  the  solution  for  egn.(3),  then  by  sim¬ 
ilarity,  we  can  achieve  the  solution  for  egn.(4). 

As  the  first  step,  let’s  find  the  solution  for  the  ho¬ 
mogeneous  form  of  €qn.[3): 

X -f- =  0.  (5) 

Let  x{t)  -  u{s)  and  5  =  then, 

X  —  — y/ Axu' 

X  =  -h 

where  u'  and  represent  dufds  and  d^u/ds^  respec¬ 
tively,  and  eqn,{b)  becomes 

s^vf*  -f  su^  -f  u  =  0.  (6) 

This  is  a  Bessel  equation  of  order  0.  Its  solution  is  a 
cylindrical  function,  and  the  general  solution  is 

u  =  ciJo{s)  H-  C2No{s)j  (7) 

where  Jq  and  Nq  are  Bessel  functions  of  order  0  and 
of  the  first,  second  (Neumann)  kind  respectively,  ci 
and  C2  are  constants  that  will  be  determined  by  the 
initial  conditions  of  the  particle.  By  replacing  u  and  s 
in  eqn.{7)  with  x  and  respectively,  we  get 

the  solution  for  eqn,{S) 

X  =  Cl +  C2Ao(— e  2  \/i4^).  (8) 
a  Oi 

The  second  step  is  to  find  a  particular  solution  for 
eqn.[3).  By  inspection,  we  find  a  particular  solution 
for  6971.(3):  X  =  The  general  solution  for  a 

linear  ordinary  differential  equation  can  be  obtained 
by  the  summation  of  the  general  solution  of  its  ho¬ 
mogeneous  form  and  one  of  its  particular  solution.  So 
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(15) 


adding  the  above  particular  solution  to  €^71.(8),  we  get 
the  general  solution  for  e^n.(3), 

«C  —  Bx  j .^x  ~l”  ®  ^  \/ -^x ) 

a 

+C2iVo(-e"^  (9) 

a. 

Because  of  the  similarity  between  eqn.{i)  and  6571.(4), 
we  can  obtain  the  solution  for  6571.(4)  with  little  extra 
effort, 

y  —  By  /  Ay  3  Ay) 

+C2iVo(— e  3  \/^)>  (10) 

ot 

where  and  c^,  like  ci  and  C2,  are  undetermined 
constants.  Taking  the  time  derivative  of  6571.(9)  and 
6571.(10)  respectively  and  noting  that 

^ 

^ 

where,  Ji  and  Ni  are  respectively  the  first  and  second 
(Neumann)  kind  of  Bessel  functions  of  order  1,  we  get 
the  solutions  for  velocities, 

X  —  \/]4^e“^(ciJi(— e"^\/A^) 

a 

+C2lVi(-e-^yA:)),  (11) 

OL 

a 

(12) 

a 

Once  parameters  G  and  a  are  known  and  the  initial 
conditions  of  the  particle  (vehicle),  i.e.,  (x^i  yn)^  and 
(in  Vn)'^ y  are  available,  the  above  four  constants  Ci, 
C2,  Cj  and  C2  can  be  determined  by  solving  a  system  of 
equations  obtained  from  65715.(9)  -  (12).  Noting  that 

Jiiz)No{z)  -  Joiz)Ni{z)  =  — , 


-[(x„  -  B^IA^)s/a^Ni{-s/a^) 
a  a 

-Xr,No{-y/A^)]  (13) 

a 

-[(*„  -  B^/A^)^/A^Jl{-^/A^) 
a  a 

-XnM-\/^)]  (14) 

a 

^[(y„  -  By/Ay)^Nli^^) 


-2/nJVo(^^)] 

^  _  2 

C2  =  ~[{yn  ~  By  /Ay  )  y/Ay  Jl[~-  yj Ay  ) 

a  a 

-ifnJo(-\/^)].  (16) 

Q 

Then,  the  position  and  velocity  at  next  instant  tn+i 
can  be  determined  by  65715.(9)  — (16)  with  t  =  tn+i“^n- 

3.4  Process  model 

Having  derived  the  solution  for  6571.(2),  we  can  say 
that  Sn+i,  the  state  of  the  particle  at  tn+i?  is  the 
function  of  parameters  G  and  a  and  its  state  at  tn  (as 
initial  condition).  Let’s  denote  it  as 

Sn+l=fn(0,Sn)  (17) 

where. 


with  the  understanding  that  the  function  is  specially 
related  to  the  previously  observed  position  fixes. 

This  is  the  process  model  of  the  particle.  Provided 
that  parameters  G  and  a  are  known  and  the  initial 
conditions  of  the  particle  are  available,  the  state  of 
the  particle  can  be  evolved  to  the  next  instant. 

4  Self-learning  procedure 

Assume  that  observations  are  being  repeatedly  taken 
on  the  vehicle  and  are  streaming  into  a  computer. 
They  are  placed  into,  what  is  called  “a  push-down 
table”.  This  is  a  memory  storage  area  in  which  the 
most  recent  data  are  entered  at  the  top,  while  all  of 
their  predecessors  are  moved  down  to  make  room  for 
them.  Each  time  new  data  arrive,  the  procedure  is  re¬ 
peated,  all  previous  data  being  moved  down  the  table 
and  the  most  recent  data  again  being  entered  at  the 
top.  The  push-down  table  is  of  fixed  length.  Upon 
the  next  receipt  of  new  data,  the  bottom-most  entry 
is  then  simply  discarded  or  forgotten.  Let  the  obser¬ 
vation  and  error  vectors  at  time  tn  be,  respectively. 


where  subsripts  Tn  and  fn  are  used  for  position  and 
velocity  respectively.  Using  6571.(1?)  we  have 

ln  +  V„  =f„(0,l„_i  +  V„_i).  (18) 
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Accordingly  we  use  eqn. (IS)  for  each  of  the  instants 
tn-k+i  to  in  {k  is  the  number  of  the  most  recent  po¬ 
sition  fixes  used),  and  obtain 

l  +  vz=f(0,l-f-v)  (19) 

where 


/  In  \ 

^  V„ 

ln-1 

Vn-1 

1  = 

j 

,  V  = 

ln-ib+2 

Vn-fc+2 

\  ln-ik+1  / 

\  ^n  —  k-\-l  J 

( t  ] 


f  = 


I  fn-ib+2  I 

\  fn-ik+1  / 


By  egn.(19)  the  set  of  observations  made  over  the  ex¬ 
tended  time  span  tn-k+i  <  t  are  related  to  the 

parameter  vector  0  and  the  initial  conditions  of  the 
vehicle  at  tn-fc*  This  equation  is  called  the  observation 
equation  and  will  recur  over  and  over  again. 

As  usual,  the  least  square  errors  of  the  observations 
is  used  as  the  criterion  for  parameter  determination. 
That  means  we  will  minimize  the  objective  function 


^  ~  v^C 


(20) 


with  respect  to  parameter  0.  Note  that  we  may  re¬ 
gard  the  initial  conditions  of  the  vehicle  as  pseudo¬ 
observations,  then  we  will  enlarge  the  vectors  v  and  C 
to  include  the  corresponding  quantities. 


5  Computational  aspect 

We  use  nonlinear  optimization  methods  [Bard,  1974] 
to  get  the  solution  of  egn.(19).  Because  of  the  diffi¬ 
culty  in  the  estimation  of  the  covariance  matrices  of 
the  computed  positions  with  a  nonlinear  optimization 
method,  after  accurate  values  of  these  parameters  have 
been  obtained,  we  linearize  eqn.{19)  with  respect  to 
the  parameters  and  then  use  least  squares  method  to 
get  the  estimated  covariance  matrices. 

The  variable  metric  method  or  the  conjugate  direc¬ 
tion  method  is  used  to  implement  the  optimization. 


Both  methods  need  the  gradients  of  the  objective  func¬ 
tion  with  respect  to  the  parameters.  It  has  been  said 
that  both  have  the  same  convergent  speed  and  the  for¬ 
mer  is  more  stable  but  needs  more  memory  during 
processing.  To  our  experience  on  the  problems  under 
investigation,  they  give  the  same  numerical  results. 


6  Applications 

6.1  Description  of  data 

We  applied  the  new  algorithm  to  two  real  tracks  of 
our  researching  boat  MARY  O.  Both  had  a  sampling 
rate  of  10  seconds.  C/A-code  pseudo-range  and  car¬ 
rier  phase  were  observed  by  using  Ashtech  GPS  re¬ 
ceiver.  The  positions  of  MARY  O  during  commissions 
were  estimated  on-line  by  PNAV  (the  Precise  Differen¬ 
tial  GPS  Navigation  and  Surveying  software,  Ashtech, 
1993)  with  the  mode  of  smoothed  C/A-code  pseudo¬ 
range.  Accurate  positions  were  computed  by  PNAV 
with  mode  of  pseudo-ranges  plus  carrier  phase  and 
float  integer  ambiguities  and  by  forward  and  backward 
processing  after  the  commissions.  According  to  the 
post  processing  results,  the  internal  accuracy  of  posi¬ 
tions  was  of  the  level  0.05  m.  Fig.  2  depicts  the  two 
tracks.  It  is  obvious  that  the  boat  was  always  under 
maneuvering  during  the  two  campaigns. 

Comparisons  between  the  PNAV’s  on-line  and  post 
processing  outputs  revealed  the  presence  of  1-3  meter 
bias  in  the  on-line  position  outputs.  To  show  the  real 
merits  of  the  new  algorithm,  however,  in  this  paper, 
we  demonstrate  the  applications  using  simulated  data. 
We  add  Gaussian  noise  (with  a  variance  a  =  1  m)  to 
PNAV’s  post  processing  results  of  positions  to  get  ‘ob¬ 
served’  positions.  We  got  the  velocities  by  differencing 
PNAV’s  post  processing  results  of  positions  and  then 
added  Gaussian  noise  (cr  =  0.06  m/s)  to  these  veloci¬ 
ties  to  get  ‘observed’  velocities.  The  errors  of  the  ‘ob¬ 
served’  position  for  both  tracks  are  depicted  in  Fig.  3 
and  Fig.  5.  The  position  errors  of  the  dead-reckoning 
technique  (i.e.,  navigation  using  only  the  velocity)  are 
depicted  in  Fig.  4  for  the  first  track  and  Fig.  6  for  the 
second. 
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Track  2 
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Figure  2:  Two  Tracks  of  MARY  O 


Figure  3:  Errors  of  the  ‘observed’  positions,  Track  1 


time  (s) 

Figure  4:  Position  errors  by  dead-reckoning,  Track  1 
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Figure  5:  Errors  of  the  ‘observed’  positions,  Track  2 


Figure  6:  Position  errors  by  dead-reckoning,  Track  2 

6.2  Results  from  the  new  algorithm 

Many  simulations  were  done  with  a  and  k  fixed  and  a 
search  area  for  parameters  G  defined  by  0  <  G  <  1.0 
in  each  simulation  [Xu,  1995].  The  root  of  the  mean 
square  error  of  the  estimated  positions  (RMS)  and  the 
maximum  estimated  position  error  (max-e)  versus  a 
and  k  are  depicted  in  Fig.  7  for  the  first  track  and 
Fig.  8  for  the  second.  It  is  obvious  that  the  maxi¬ 
mum  estimated  position  errors  by  the  new  algorithm 
are  much  lower  than  the  maximum  position  errors  by 
dead- reckoning.  And  when  a  was  large  enough,  the 
RMS  for  both  tracks  were  lower  than  1  m,  and  the 
maximum  estimated  position  errors  were  lower  than 
the  corresponding  maximum  ‘observed’  position  errors 
(3.9  m  for  the  first  track  and  4.1  m  for  the  second)  re¬ 
spectively.  With  i  =:  10  and  a  =  25.5,  the  errors  of 
the  computed  positions  are  drawn  in  Fig.  9  for  the 
first  track  Fig.  10  for  the  second.  The  errors  of  the 
smoothed  position  was  about  the  position  fix  5  fixes 
backward  from  the  most  recent  one.  Better  results 
could  be  achieved  by  some  other  values  of  a.  We  once 
also  supplied  the  new  algorithm  with  PNAV’s  on-line 
output  and  also  got  improved  position  estimations  but 
with  unrealistic  estimations  of  their  covariance  matri¬ 
ces,  The  new  algorithm  used  0.11  seconds  to  process 
one  position  fix  when  k  =  5,  and  0.23  seconds  when 
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estimated 


Figure  7:  RMS  and  maximum  estimated  position  er¬ 
ror,  Track  1 


Figure  8:  RMS  and  maximum  estimated  position  er¬ 
ror,  Track  2 


predicted 


smoothed 


Figure  9:  Errors  of  the  computed  positions.  Track  1 


k  1=  10. 

Now  let’s  talk  about  blunder  detection.  Two  blun¬ 
ders  were  added  to  the  first  set  of  data.  The  first  one 
was  at  t  =  400  seconds  with  a  magnitude  of  10  meters 
in  X  direction,  the  second  at  t  =  800  seconds  with  the 
same  magnitude  as  the  first  but  in  y  direction.  With 
k  =  10  and  a  =  25.5,  the  errors  of  the  estimated  po¬ 
sitions  without  or  with  detection  are  shown  in  Fig.  11 
and  Fig.  12.  The  confidence  level  for  the  confidence 
regions  was  0.999. 


6.3  Results  from  Kalman  filter 

The  system  process  model  used  was  [Gutman,  1990] 
Xn  =  ^x„_i  +  Aw„_i,  (21) 
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and  At  was  the  sampling  rate,  w  was  assumed  to  be 
a  zero-mean  white  noise  sequence  with  covariance  ma¬ 
trices 


qij  =  E{wiWj)  =1  \ 

The  observation  model  was 
In  —  Bn^n  “i" 


1  0 
0  1 
0 


iii  =  j 
if  i  3 


(22) 


Figure  10:  Errors  of  the  computed  positions,  Track  2 
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Figure  11:  Errors  of  the  estimated  positions,  without 
detection 


estimated 


Figure  12:  Errors  of  the  estimated  positions,  with  de¬ 
tection 
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and  V  was  assumed  to  be  a  zero-mean  white  noise  vec¬ 
tor  with  a  known  covariance  matrix. 

We  applied  this  Kalman  filter  on  the  above  two  sets 
of  data.  The  best  results  we  could  obtain  (by  testing 
many  values  of  q)  is  depicted  in  Fig.  13  [q  =  10”^)  for 
the  first  track  and  Fig.  14  {q  —  10“®)  for  the  second. 
The  Kalman  filter  needed  only  0.02  seconds  to  produce 
an  estimated  position. 


6,4  Discussion 

The  reason  for  the  above  failures  with  the  Kalman  fil¬ 
ter  was  that  the  eqn,{21)  could  not  keep  being  valid  for 
a  vehicle  under  maneuvering.  Don’t  blame  the  Kalman 
filter.  It  is  user’s  responsibility  to  give  the  filter  a  cor¬ 
rect  model.  When  the  vehicle  is  under  maneuvering,  q 
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Figure  13:  Errors  of  the  estimated  positions  by 
Kalman  filter,  Track  1 


Figure  14:  Errors  of  the  estimated  positions  by 
Kalman  filter,  Track  2 

may  be  a  function  of  time.  It  was  because  the  process 
model  in  the  new  algorithm  had  been  updated  from 
time  to  time,  it  could  keep  pace  with  the  kinematic 
change  of  the  vehicle  and  achieve  better  results, 

7  Summary 

It  is  no  doubt  that  a  cluster  of  observed  positions  con¬ 
tain  true  kinematic  information  of  the  vehicle.  The 
process  model  associated  with  the  error  statistics  of 
the  position  fixes  and  based  on  the  analogy  is  able 
to  squeeze  the  information  off  for  use.  Updating  the 
process  model  position  fix  by  position  fix  makes  the 
process  model  keep  pace  with  the  kinematic  change 
of  the  vehicle  to  a  large  extent.  The  new  algorithm 
can  act  as  an  integrator  to  combine  position  and  ve¬ 
locity  observations,  and  then  can  supply  better  navi¬ 
gation  than  that  using  either  observed  positions  or  ve¬ 
locities  (dead-reckoning)  alone,  and  has  a  good  ability 
for  blunder  detection.  As  to  the  required  error  statis¬ 
tics  of  observations,  unlike  Kalman  filter,  the  new  al¬ 
gorithm  needs  only  cofactor  matrices  (relative  size  of 
covariance  matrices),  and  the  corresponding  variance 
factor  can  be  estimated.  Compared  with  the  Kalman 


filter  defined  by  eqn.[21)  and  egn.(22),  when  the  ve¬ 
hicle  is  under  maneuvering,  the  new  algorithm  is  able 
to  achieve  better  results,  but  its  processing  speed  is 
slower. 
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ABSTRACT 

The  author  has  developed  a  prototype  portable  vehicle 
navigation  system  (PortaNav)  based  on  a  notebook 
computer,  a  PCMCIA-type  GPS  receiver,  and  a  digital 
road  map.  In  order  to  meet  the  requirement  of 
portability,  the  system  can  not  be  permanently  installed 
in  a  vehicle,  eliminating  the  possibility  of  using  dead 
reckoning  sensors.  It  was  necessary  to  improve  the 
accuracy  of  GPS  positioning  in  single  point  mode  under 
the  effects  of  selective  availability  (SA).  Traditionally, 
this  has  been  done  by  integrating  dead  reckoning  sensors 
with  the  GPS  measurements.  For  this  system,  a  digital 
road  map  was  used  as  an  auxiliary  source  of  positioning 
information.  A  Kalman  filter  was  used  to  combine  the 
raw  GPS  measmements  with  map-derived  constraints  to 
improve  the  positioning  coverage,  accuracy,  and 
reliability  of  the  navigation  system. 

Software  was  developed  to  log  three  sets  of  data  for 
comparison.  First,  a  stand-alone  GPS  fix  is  logged  to 
show  what  unaided  GPS  provides.  Second,  the  map 
aided  GPS  solution  is  recorded  to  show  the  improvement 
achieved.  Finally,  a  RINEX  file  is  recorded  for 
post-mission  precise  orbit  processing,  yielding  the  most 
accurate  solution.  Data  was  recorded  in  various  urban 
environments  to  show  the  improvements  gained. 

The  paper  describes  the  mathematical  basis  for  the  map 
aiding  process.  Test  results  showing  GPS  alone  and  map 
aided  GPS  in  urban  canyon,  tree  canopy,  and  open  road 


environments  are  presented.  Conclusions  are  drawn  on 
the  viability  of  using  GPS  for  vehicle  navigation  without 
the  use  of  dead  reckoning  sensors. 

INTRODUCTION 

The  field  of  vehicle  navigation  has  advanced 
significantly  over  the  past  five  years.  This  has  been  due 
largely  to  the  coming  of  the  Global  Positioning  System 
(GPS),  and  the  advancement  of  computer  related 
technologies.  To  date,  a  total  of  229  land  vehicle 
navigation  systems  have  been  identified  in  [1].  In  the 
past  two  years,  over  twenty  portable  vehicle  navigation 
systems  have  emerged.  This  closely  parallels  the 
increased  use  of  personal  digital  assistants  (PDAs), 
which  are  described  as  any  portable  computing  device 
used  for  managing  personal  data.  Akin  to  PDAs  are 
portable  navigation  assistants  (PNAs),  defined  as  any 
portable  navigation  system  intended  for  personal  use. 

A  portable  vehicle  navigation  system  is  described  as  an 
autonomous  navigator  that  is  not  permanently  afSxed  to 
a  vehicle.  This  includes  the  hand-held  GPS  waypoint 
navigators  such  as  the  GARMIN  GPS  45  and  the 
Magellan  Meridian  GPS  (Figure  1).  These  systems 
provide  simple  waypoint  positioning  and  navigation,  but 
do  not  have  any  mapping  (locating)  capabilities. 

A  few  of  the  portable  systems  are  based  on  notebook 
computers  with  an  external  GPS  receiver  and  a  digital 
road  map.  Retki,  from  Liikkuva  Systems  International, 
City  Streets  from  Road  Scholar  Software,  and  DeLorme 
MapExpert  are  three  examples  of  such  a  system.  The 
author  has  developed  a  prototype  portable  vehicle 
navigation  system  (PortaNav)  similar  to  these  systems, 
based  on  a  notebook  computer,  a  low-cost  GPS  receiver, 
and  a  digital  road  map. 

This  paper  first  describes  the  basic  system  design,  then 
focuses  on  the  positioning  module  used  in  PortaNav. 
Tests  illustrating  the  system  performance  are  then 
presented. 
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Figure  1.  Portable  Navigation  Assistants  (PNAs)  - 
GARMIN  GPS  45  (left)  and  Magellan  Meridian  GPS 

PORTANAV  SYSTEM 

The  objectives  behind  the  design  of  PortaNav  were  to 
keep  the  cost  low,  provide  nation-wide  positioning, 
provide  locating  in  areas  where  digital  road  maps  are 
available,  and  remain  autonomous  from  the  vehicle. 
End-user  products  were  sought  for  each  of  the 
components.  The  complete  PortaNav  system  is  pictured 
in  Figure  2. 

A  notebook  computer  form  factor  was  chosen  for  the 
development  platform  and  the  end  product.  An  NEC 
Ultralite  Versa  25C  with  an  active  matrix  colour  screen 
and  486  SLC  processor  was  procured  for  this  purpose. 
The  Versa  also  has  Personal  Computer  Memory  Card 
International  Association  (PCMCIA)  slots  for  expansion 
PC  cards.  PCMCIA  slots  provide  a  standard  interface  to 
computing  devices  that  is  manufacturer  independent  [2]. 

GPS  was  an  obvious  choice  for  the  positioning  system. 
No  other  system  can  compete  at  providing  absolute 
nation-wide  low-cost  positioning.  A  low-cost  C/A  code 
receiver  with  a  simple  output  interface  was  sought. 
Trimble's  MobileGPS  receiver,  which  has  a  PCMCIA 
interface,  was  available  for  under  US  $1,000.  This  six 
channel  receiver  tracks  up  to  eight  satellites,  and  the  raw 
measurements  can  be  accessed  via  a  software 
development  kit  from  Trimble. 

The  system  was  developed  in  Calgaiy,  so  a  digital  road 
map  supplier  with  coverage  in  this  area  was  sought  to 
facilitate  testing.  Etak,  of  Menlo  Park,  California  was 
able  to  provide  a  beta  map  of  Calgary  for  this  purpose. 
Etak  also  has  a  software  development  kit  for  their  digital 
road  maps. 

POSITIONING  MODULE 

In  autonomous  navigation,  the  primary  objective  is  to 
show  the  user  the  current  road  of  travel.  To  accomplish 
this,  a  position  must  be  computed  to  an  accuracy  better 
than  half  the  average  distance  between  roads  (50  m)  so 
that  the  vehicle  can  be  snapped  to  the  correct  road  for 


display.  A  solution  is  sought  that  provides  a  relatively 
smooth  trajectory  and  allows  the  correct  road  to  be 
identified  as  often  as  possible. 

GPS  provides  a  horizontal  positioning  accuracy  of  100m 
at  the  95%  confidence  level  under  the  effects  of  selective 
availability  (SA).  Many  methods  of  improving  single 
point  GPS  positioning  have  been  developed  over  the  past 
decade  [3].  Differential  GPS,  dead  reckoning,  and  map 
matching  have  all  been  used  successfully  to  augment  the 
capabilities  of  stand-alone  GPS  [4],  [5],  and  [6]. 

In  order  to  remain  autonomous  from  the  vehicle,  the 
system  can  not  be  permanently  installed.  This  eliminates 
the  possibility  of  using  dead  reckoning  sensors  such  as 
odometers,  compasses,  and  rate  gyros.  The  former 
because  they  must  be  attached  to  the  wheels  or 
transmission,  and  the  latter  two  because  they  should  be 
mounted  on  a  stable  platform,  not  just  a  box  that  is 
thrown  on  the  front  seat. 

To  keep  the  cost  of  the  system  down,  differential  GPS 
(DGPS)  could  not  be  used.  At  the  time  this  project  began 
(two  years  ago),  there  were  no  low-cost  DGPS  solutions 
available.  Today,  an  infrastructure  exists  to  provide 
low-cost  corrections  via  FM  sub-carrier  waves.  Also,  the 
hardware  costs  for  DGPS  have  reduced  dramatically. 
However,  using  DGPS  still  adds  cost,  bulk,  and 
complexity  to  the  system. 

Map  matching  is  the  process  of  correlating  the  traced 
path  of  a  vehicle  with  possible  paths  in  a  single  line 
digital  road  network.  Map  matching  is  usually  used  in 
conjunction  with  dead  reckoning  sensors  to  augment 
GPS.  Using  a  digital  road  map  to  augment  GPS  does  not 
increase  the  hardware  cost  or  the  bulk  of  a  navigation 
system.  This  is  a  great  advantage  in  portable  navigation. 

The  positioning  module  for  PortaNav  is  based  on 
stand-alone  GPS  and  a  new  approach  to  using 
map-derived  information  to  augment  GPS.  The  basic 
premise  is  to  use  the  positional  information  of  roads  in 
the  digital  road  map  as  observations.  The  map-derived 
observations  are  integrated  with  the  raw  GPS 
measurements  using  a  Kalman  filter. 


Figure  2.  Hardware  components  of  PortaNav 
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PortaNav  uses  a  centralized  Kalman  filter  to  integrate  all 
of  the  available  GPS  and  map-derived  observations. 
Eight  parameters  are  modelled  in  the  state  vector, 
namely,  three  geodetic  position  states  {^,X,h),  three 
velocity  states  (v„,  v^,  v;,),  the  receiver  clock  offset  (CdT), 
and  the  receiver  clock  drift  rate  (CdT).  The  C/A  code 
pseudorange  and  the  doppler  shift  (phase  rate)  GPS 
measurements  are  used  to  update  the  filter  every  epoch. 
A  constant  velocity  model  and  a  first-order  Gauss- 
Markov  noise  process  are  used  to  model  the  vehicle 
dynamics.  The  effects  of  SA  are  not  directly  modelled; 
the  filter  parameters  are  set  loose  enough  to  compensate. 

The  remainder  of  this  paper  focuses  on  the  map  aiding 
approach  used  in  the  positioning  module  of  PortaNav. 
First,  map  aiding  is  contrasted  with  map  matching. 
Then,  the  coordinate  frame  and  basic  observational 
models  for  map  aiding  are  presented.  The  approach 
taken  to  identify  possible  roads  of  travel  is  descried,  and 
finally,  the  results  of  operational  tests  performed  in 
various  urban  environments  are  presented. 

MAP  MATCHING  AND  MAP  AIDING 

The  idea  of  using  information  from  a  digital  road  map  in 
a  navigation  system  is  not  new.  Map  matching  itself 
dates  back  to  the  sixties.  Some  map  matching  techniques 
involve  using  road  information  to  correct  measurement 
drift  errors,  particularly  in  dead  reckoning  sensors. 
Another  approach  to  map  matching  is  to  snap  the 
computed  solution  onto  the  road  network  for  display 
purposes  only.  Several  vehicle  navigation  systems,  such 
as  the  Etak  Navigator  [7]  use  map  matching  with  dead 
reckoning.  Others,  such  as  the  Oldsmobile  Guidestar  [8], 
use  map  matching  with  GPS  and  dead  reckoning. 

An  approach  for  using  map  data  to  augment  GPS  without 
using  dead  reckoning  is  given  in  [9].  The  approach  is  to 
compute  corrections  for  the  GPS  data  based  on  a  map 
match.  Then  an  optimum  position  on  the  road  is  selected 
based  on  the  remaining  noise  in  the  measurement  data. 
One  other  map  matching  approach  worth  mentioning  is 
based  on  correlating  the  trace  of  the  vehicle  track  with  a 
path  in  the  road  network  using  fuzzy  logic. 

The  work  in  this  paper  differs  from  other  approaches  in 
that  map-derived  information  is  treated  as  an  observable 
and  introduced  directly  into  the  solution  with  the  other 
observables.  The  effect  is  to  influence  the  filter  at  the 
observation  level  rather  than  just  yank  the  computed 
solution  to  a  point  on  the  map.  The  rationale  for  this 
map  aiding  approach  is  based  on  the  fact  that  the  digital 
road  maps  are  not  perfect;  the  absolute  coordinates  in 
them  have  a  level  of  uncertainty,  and  should  be  treated  as 
such. 

The  fundamental  assumption  behind  both  map  matching 
and  map  aiding  is  that  the  vehicle  is  on  a  road  in  the  road 


network.  PortaNav  uses  this  assumption  in  two  ways. 
The  first  is  to  introduce  a  weighted  point  into  the 
positioning  algorithm.  The  second  is  to  compute  a 
straight  line  slope-intercept  model  of  the  road  link  and 
apply  this  equation  as  a  constraint.  In  the  following 
sections,  each  of  these  two  models  is  described.  Before 
introducing  the  models,  a  coordinate  frame  will  be 
defined. 

COORDINATE  FRAME  FOR  MAP  AIDING 

Throughout  the  ages  of  mapping,  the  world  has  been 
represented  by  using  a  flat  surface.  A  paper  map  is  based 
on  some  map  projection  that  transforms  the  curvilinear 
real  world  to  a  planar  map  representation.  Digital  road 
maps  are  constructed  in  the  same  way.  Knowledge  of  the 
transformation  algorithm  allows  one  to  use  the  map 
space  coordinates  in  a  curvilinear  space.  The  positioning 
solution  algorithms  used  in  PortaNav  are  all  formed  in  a 
geodetic  coordinate  frame,  specifically,  using  the 
WGS-84  reference  ellipsoid.  Etak  maps  are  based  on  a 
unique  map  projection  designed  to  suit  the  needs  of 
representing  a  digital  road  map. 

The  Etak  coordinate  system  (ECS)  is  based  on  the 
Etak-32  unit,  which  is  an  integer  value  that  subtends  an 
angle  of  ^  of  a  great  circle.  Longitudes  have  a  range  of 

-2^^  to  +2^^  zero  being  at  the  Greenwich  meridian  and 
positive  being  east.  Latitudes  range  from  -2^®  to  +2^°, 
zero  being  at  the  equator,  and  positive  being  north.  The 
reason  for  using  this  representation  is  so  that  coordinate 
values  can  be  represented  by  32-bit  integers,  thereby 
reducing  the  amount  of  storage  space  required  for  the 
map.  The  disadvantage  to  Etak-32  units  is  the  limited 
resolution.  At  the  equator,  the  length  (d^^u^  of  an 
Etak-32  unit  is  computed  as: 

dEcu  =  ^  =  0.932cm,  (1) 

where  Q  =  40030173  is  the  approximate  circumference 
of  the  Earth  (m). 

A  resolution  of  one  centimetre  is  more  than  sufficient  for 
most  vehicle  navigation  requirements. 

Due  to  meridian  convergence,  the  length  of  an  Etak-32 
unit  varies.  In  a  north-south  direction  (dy),  the  Etak-32 
unit  is  constant,  and  in  an  east-west  direction  {dx)  it  is 
scaled  by  the  cosine  of  the  latitude.  In  all  other 
directions  the  length  varies  according  to  the  azimuth: 


dy  =  lat2-  loti , 

(2) 

dx  -  ■  (Ion 2  -  lon\),  and 

(3) 

d  =  Jdy^  +  dx^  , 

(4) 
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where  lat\Jat2  are  the  latitudes  of  points  1  and  2  in 
ECUs,  and 

Ion  I  Jon  2  are  the  longitudes  of  points  1  and  2  in 
ECUs. 

This  approximation  is  valid  for  short  distances  relative  to 
the  Earth's  circumference.  For  computing  long  distances 
accurately,  one  would  need  to  resort  to  the  spherical 
distance  formula. 

The  coordinate  system  used  for  forming  the  straight  line 
slope-intercept  model  is  based  on  a  modified  local  ECS. 
To  form  the  model,  it  is  best  to  have  a  coordinate  system 
where  distances  are  equal  in  every  direction.  This  is 
accomplished  by  multiplying  the  longitudes  by  the  cosine 
of  latitude.  Second,  to  preserve  numerical  accuracy,  the 
origin  should  be  shifted  nearer  to  the  area  of  interest. 
The  first  computed  position  is  used  as  the  origin  for  the 
local  ECS.  The  transformation  equations  between 
geodetic  coordinates  and  the  local  ECS  can  now  be 
defined: 


II 

-e- 

(5) 

X  =  (:\.  •  ■  COS(<|))  , 

(6) 

<!>  =  (>'+>'<#) and 

(7) 

^  (cos((j))  ‘  Em4X^ 

(8) 

where  are  the  offsets  from  the  origin  (m),  and 

Ej^  is  the  maximum  Etak-32  value  - 1 ). 

The  extents  of  a  road  link  rarely  exceed  a  few  hundred 
metres,  so  this  coordinate  system  will  serve  well  to  form 
the  straight  line  slope-intercept  model. 

It  should  be  noted  that  the  Etak  map  is  based  on  the 
NAD-27  datum,  which  is  based  on  the  Clarke  1866 
reference  ellipsoid.  A  coordinate  transformation  must  be 
done  between  WGS-84  and  NAD-27  each  time  a 
map-derived  position  is  used  in  the  positioning  solution. 

Weighted  Point  Model 

Given  a  computed  position,  a  search  is  performed  in  the 
digital  road  map  database  to  determine  the  nearest  road. 
The  procedure  for  the  road  finding  algorithm  is  outlined 
later  in  the  paper.  The  coordinates  of  the  point  on  the 
nearest  road  that  are  nearest  to  the  computed  position  are 
then  obtained  (Figure  3).  These  coordinates  can  be 
applied  to  the  solution  as  a  weighted  point.  In  least 
squares,  this  would  be  similar  to  using  a  priori 
information  on  the  unknown  coordinates.  The  effect  is 
that  the  coordinates  are  treated  as  an  observation  with 
some  weight.  If  the  weight  is  of  the  same  order  of 
magnitude  as  the  weights  of  other  observations  in  the 


Computed  position  {(j),  X) 

Nearest  point  on  road  link 
introduced  as  a  weighted 
point  observation 

Nearest  road  link 


Figure  3.  A  weighted  point  observation 

adjustment,  then  the  map  coordinates  will  affect  the 
solution  significantly. 

To  evaluate  the  potential  effect  of  using  the  weighted 
point,  one  must  compare  the  accuracies  of  the 
conventional  observations  with  those  of  the  map 
observations.  In  PortaNav,  the  positioning  information 
for  the  solution  is  coming  primarily  from  the  GPS 
pseudoranges.  As  discussed,  a  horizontal  accuracy  of 
about  100  m  can  be  expected  for  single  point  GPS 
solutions.  If  the  coordinates  derived  from  the  ^gitai  road 
map  have  a  better  accuracy  than  this,  then  it  may  be 
beneficial  to  use  a  weighted  point  model.  Etak  claims 
that  their  digital  road  maps  are  accurate  to  the  fifteen 
metre  level.  This  claim  is  not  guaranteed  by  Etak  for  the 
beta-release  map  of  Calgaiy.  However,  testing  did  show 
this  claim  to  be  accurate  in  several  areas,  and  plausibly, 
the  whole  map  region. 

Now  that  it  has  been  determined  that  map-derived 
coordinates  will  be  beneficial,  the  observation  models 
will  be  developed.  The  notation  and  terminology  follows 
the  presentation  of  the  Kalman  filtering  algorithm  in 
[10].  If  the  coordinates  of  the  point  to  be  weighted  are 
given  in  the  same  geodetic  reference  frame  as  the 
computed  GPS  solution,  the  observation  equations  are: 

<i>m  =  and  (9) 

(10) 

where  '^m  are  the  map-derived  coordinates  to  be 
weighted, 

<|),  A.  are  the  unknown  geodetic  coordinates, 
and 

are  the  standard  deviations  of  the  map 
coordinates. 

At  any  epoch,  only  one  weighted  point  will  be  added,  so 
the  design  matrix  will  always  have  two  rows.  Only  the 
first  two  columns  will  be  populated: 
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Recall  that  the  map  coordinates  are  on  the  NAD-27 
datum  while  the  solution  parameters  are  on  the  WGS-84 
ellipsoid.  A  coordinate  transformation  is  done  on  the 
observations  to  bring  them  into  the  WGS-84  frame.  The 
effect  of  the  transformation  on  the  partial  derivatives  is 
negligible,  therefore,  ignored. 


The  associated  variance-covariance  matrix  of  the 
observations  is  simply: 

Ci=  <^<1.  ^j2) 


And  the  (2  x  1)  misclosure  vector  is: 


%  —  'Km 


(13) 


The  weighted  point  model  is  formed  directly  in  geodetic 
space.  The  observations  are  map  points  taken  from  the 
digital  road  map  and  converted  into  geodetic  coordinates 
using  Equations  7  and  8.  The  misclosure  vector  and  the 
variance-covariance  matrix  of  these  points  are  also 
expressed  in  geodetic  space. 

This  type  of  an  dwervation  set  can  be  applied  in  a  least 
squares  adjustment  or  in  a  Kalman  filter.  For  the  least 
squares  adjustment,  the  extra  columns  in  the  design 
matrix  need  to  be  eliminated;  for  the  filter,  the 
misclosure  must  be  negated  since  the  errors  are  computed 
rather  than  the  corrections.  In  PortaNav,  when  a 
weighted  point  update  is  applied,  it  is  added  to  the  filter 
after  the  doppler  update  in  a  sequential  manner  [1 1]. 


Slope-Intercept  Model 

The  second  type  of  map  aiding  model  is  based  on  the 
equation  of  a  straight  line.  Each  road  in  the  digital  road 
map  database,  whether  straight  or  curved,  is  broken 
down  into  straight  line  segments.  The  coordinates  of  the 
end  points  of  these  line  segments  can  be  obtained  from 
the  database  (Figure  4).  With  the  two  sets  of  coordinates, 
a  straight  line  equation  with  a  slope  and  Y-intercept  is 
formed.  The  equation  of  the  line  is  then  added  as  an 
observation  to  the  positioning  algorithm.  The  solution  is 


Figure  4.  A  straig|it  line  slope-intercept  observation 


effectively  constrained  to  a  point  somewhere  on  the  line 
rather  than  to  a  single  point,  as  was  the  case  in  the 
weighted  point  observation.  Again,  decisions  on  when  to 
use  this  model  are  made  by  the  road  finding  algorithm. 

The  straight  line  model  is  formed  in  the  two  dimensional 
local  ECS  previously  described.  Given  the  two  pairs  of 
coordinates  (x  1,3/1),  and  (x2,3'2),  the  equations  for  the 
slope  (ffi)  and  Y-intercept  (p)  of  the  line  through  them 
are: 

«i  =  lti;-,and  (14) 

b^y\-mxi,  (15) 

Assuming  the  standard  deviations  of  the  two  points  are 
equal  (cj;ci  =  and  ),  the  error  can  be 

propagated  through  the  model  to  arrive  at: 

2  _  2^  /-l^x 


2  (xW2yici 
■Sf,  -  ,  ana 


^nib  ~~  ^bm  “ 


-(xi-FJC2)-/fl 


where  A:1  =  +  al,  and 


.  =  2-{x\  +X2)  -  (xi  +X2)^  . 


Now  with  the  slope,  intercept,  and  associated  errors  of 
the  line,  the  implicit  straight  line  model  can  be  formed: 

f{x,\)  =  m-x+b-y,  C\.  (20) 

In  Equation  20,  x  andy'  are  the  unknown  coordinates  (x) 
of  the  vehicle  expressed  in  the  two  dimensional  local 
ECS,  and  m  and  b  are  the  observations  (1)  as  computed  in 
Equations  14  and  15.  At  any  epoch,  only  one  road  link 
will  be  used  as  a  constraint,  so  there  will  only  be  one 
equation  in  this  model.  The  implicit  model  has  two 
design  matrices: 


A-l  ^ 

A  -[  34, 

=r  ^ 

L 


K  K  K  ^  _£ _ §L  I  (21) 

&K  ah  dvn  dve  av»  aCdT  ac'jT  J  ' 

0  0  0  0  0  0  ],  and 
]  =  [x  1  ].  (22) 


where  94,  -  •  aj,  +  ^  •  34,^  (2^) 

K-K  ^  (24.) 

SK~  ax'  dy'  SK’ 

^  =  /«,and  (25) 

|=-1.  (26) 

The  partial  derivatives  of  the  local  ECS  coordinates  with 
respect  to  geodetic  coordinates  are  derived  by 

differentiating  Equations  5  and  6: 
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^  Emax 
at) ’ 

(27) 

^=0 

dfK 

(28) 

0  =  -sin(<t))  •  -xo^ ,  and 

(29) 

|  =  COS(<|))-%^. 

(30) 

The  elements  of  the  observation  variance-covariance 
matrix  are  computed  in  Equations  16  to  18: 

C,=  ""f  .  (31) 

^bm 

And  the  (1  x  1)  misclosure  vector  is: 
w  •cos(<|))+A-(<t.-^-T<#)](32) 

Note  that  the  straight  line  slope-intercept  model  is 
formed  in  the  local  ECS,  so  the  misclosure  and  the 
variance-covariance  matrix  of  the  observations  {m,  b) 
must  be  expressed  in  compatible  units.  Again,  for 
application  in  a  Kalman  filter,  the  misclosure  vector 
should  be  negated. 

The  slope-intercept  model  and  the  weighted  point  model 
are  not  both  used  in  the  same  epoch.  If  the 
slope-intercept  model  is  chosen,  it  is  applied  after  the 
doppler  update  in  the  Kalman  filter  as  was  the  weighted 
point  model. 

ROAD  FINDING  ALGORITHM 

Before  either  one  of  the  map  aiding  algorithms  can  be 
used,  a  road  must  be  selected.  If  an  incorrect  constraint 
is  introduced  into  the  Kalman  filter,  the  solution  may  be 
yanked  oft*  course.  An  algorithm  must  be  designed  to 
find  roads  and  ascertain  their  validity.  If  it  is  not 
possible  to  determine  which  of  a  number  of  roads  is  the 
correct  one  at  a  certain  epoch,  no  map  constraints  will  be 
applied  during  that  epoch  and  the  filter  will  rely  solely  on 
the  GPS  measurements  available. 

Nearest  Feature  Search 

The  fimdamental  task  behind  selecting  a  road  to  use  as  a 
constraint  is  to  do  a  nearest  feature  search.  Given  the 
coordinates  of  a  point,  a  search  is  performed  on  the 
digital  road  map  database  to  determine  the  feature  that  is 
closest  to  that  point.  The  orthogonal  distance  between  a 
search  point  and  a  road  link  can  be  found  using  a  vector 
dot  product.  The  coordinates  of  the  point  along  the  road 
link  that  is  closes  to  the  search  point  can  then  be  found 
using  a  vector  cross  product.  The  procedure  for  doing 
this  is  found  in  [12]. 

It  is  not  necessary  to  search  the  entire  database  for  the 
feature  nearest  to  the  search  point.  A  search  window  is 
defined  and  used  as  a  mask  to  limit  the  search  to  a  small 


portion  of  the  digital  road  map.  It  is  convenient  to  use 
the  display  window  as  the  starting  point  for  the  search 
window.  As  each  road  is  called  up  from  the  database  and 
displayed  in  graphics  space,  a  record  of  the  road  is  kept. 
Only  the  displayed  features  are  searched,  thereby 
dramatically  reducing  the  computation  time  required  to 
perform  the  road  finding  algorithm.  This  is  crucial  in 
the  operation  of  PortaNav,  as  multiple  searches  are 
performed  during  each  epoch. 

Confidence  Regions 

A  confidence  region  is  bounded  by  a  line  of  constant 
certainty.  If  the  vehicle  is  travelling  on  a  road  link  in  the 
digital  road  map,  then  at  least  one  road  should  fall  in  the 
confidence  region.  The  variance-covariance  matrix  of 
the  estimated  parameters  computed  in  the  Kalman  filter 
algorithm  can  be  used  to  determine  the  semi-major  and 
semi-minor  axes  and  the  orientation  of  a  confidence 
ellipse  [13].  The  resulting  error  ellipse  is  the  uncertainty 
of  the  position  computed  in  the  geodetic  coordinate 
frame.  This  ellipse  does  not  account  for  any  uncertainty 
in  the  positions  of  the  roads  in  the  digital  road  map. 

The  uncertainty  level  in  the  digital  road  map  is  not 
homogeneous.  There  is  no  information  stored  in  the 
Etak  digital  road  map  to  quantify  the  uncertainty,  so  a 
global  uncertainty  level  must  be  chosen.  Etak  claims  a 
positional  accmacy  of  fifteen  metres  on  average  in  their 
production  map  products.  A  few  areas  of  the  map  of 
Calgary  were  tested  using  the  precise  orbits  and  clocks. 
A  standard  deviation  of  fifteen  metres  will  in  fact  be  used 
for  the  coordinates  in  the  road  map. 

A  good  representation  of  the  map  uncertainty  is  a  circle 
of  error  since  the  error  is  not  direction  dependant.  To 
arrive  at  a  95%  circle  of  error,  the  radius  is  scaled  by 
2.45.  Combining  the  map  error  circle  with  the  scaled 
95%  confidence  ellipse  of  the  computed  solution  yields 
an  ellipse  whose  axes  are  extended  by  the  radius  of  the 
circle  (Figure  5). 


Figure  5.  Combination  of  confidence  regions 
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Now,  to  find  all  of  the  possible  roads  of  travel,  a  nearest 
road  search  should  be  performed  using  each  of  the  points 
of  the  boundary  of  the  combined  confidence  ellipse. 
This  is  not  feasible  for  a  real-time  solution,  so  a 
simplification  is  in  order.  PortaNav  uses  the  centre  of  the 
ellipse  and  the  extents  of  the  ellipse  as  defined  by  the  end 
points  of  the  semi-major  and  semi-minor  axes.  There  are 
five  points  of  interest,  so  five  nearest  feature  searches  are 
performed.  This  does  not  delay  the  processing 
significantly,  while  most  of  the  possible  roads  will  be 
found.  Once  the  nearest  feature  search  is  complete,  a  list 
of  five  possible  roads  is  generated. 

Road  Selection  and  Elindnation 


It  is  possible  that  the  list  of  five  nearest  roads  may  consist 
of  one  to  five  different  roads.  If  two  or  more  different 
roads  are  listed,  then  further  processing  is  necessary  to 
narrow  down  the  possibilities.  A  procedure  was  devised 
to  eliminate  unlikely  roads  based  on  the  a7:imiifh.s  of  the 
road,  the  direction  of  travel,  and  the  distance  to  the 
nearest  point  on  the  identified  road. 

In  order  to  pass  the  test  of  plausibility,  a  road  link  must 
conform  to  the  following  two  conditions;  the  azimuth 
must  be  near  the  computed  direction  of  travel,  and  the 
road  must  not  be  more  than  a  certain  distance  away  from 
the  current  point.  The  first  criteria  only  applies  if  the 
vehicle  is  moving;  any  road  azimuth  is  valid  if  the 
vehicle  is  stationary.  The  tolerances  chosen  for  the  two 
conditions  were  based  on  the  layouts  of  typical  road 
networks. 

The  tolerance  for  the  azimuth  condition  must  be  large 
enough  to  allow  for  noise  in  the  computed  velocities  and 
in  the  map  derived  azimuth,  while  small  enough  to  reject 
roads  that  are  not  in  the  general  direction  of  travel.  A 
threshold  of  twenty  degrees  was  chosen  for  this 
condition.  At  most  intersections,  the  intersecting  roads 
are  at  an  angle  of  90°.  In  residential  or  hilly  areas,  the 
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Figure  7.  Best  DOP  fix  in  open  road  environment 


Figure  6.  Map  aided  GPS  in  open  road  environment 

intersections  may  be  at  angles  as  low  as  45°  or  50°.  The 
only  time  where  intersections  have  a  smaller  angle  is  in 
the  case  of  ramps. 

The  tolerance  for  distance  is  required  to  account  for  the 
fact  that  the  vehicle  may  not  be  on  a  road  in  the  database. 
This  is  the  case  when  the  vehicle  is  in  a  parking  lot  or  in 
an  area  of  the  map  that  is  not  up  to  date  or  complete. 
Most  urban  areas  have  roads  spaced  at  about  100  m. 
This  is  the  case  in  most  areas  of  Calgary  including  both 
the  areas  of  grid  streets  and  avenues  and  residential 
areas.  Some  of  the  commercial  areas  of  the  city  have 
roads  that  are  spaced  further  apart. 

In  order  to  accept  a  road,  it  must  be  the  only  foimd  road 
that  has  an  azimuth  that  agrees  with  the  direction  of 
travel  within  twenty  degrees  either  way.  Secondly,  it 
must  be  within  100  m  of  the  computed  position  of  the 
vehicle.  If  and  only  if  one  road  passes  both  conditions 
will  one  of  the  two  map  updates  be  performed. 

Map  Aided  Updates 

There  is  only  a  small  difference  in  the  effect  of  the  two 
different  map-derived  updates.  The  weighted  point  tends 
to  constrain  the  solution  to  that  point,  while  the 
slope-intercept  model  tends  to  constrain  the  solution  to  a 
point  somewhere  along  the  road  link.  Understanding  the 
desired  effect  is  necessary  before  deciding  when  one  or 
the  other  should  be  applied. 

Road  vehicles  are  either  stationary  or  they  are  moving.  If 
the  vehicle  is  stationary,  the  solution  should  be 
constrained  to  a  point,  otherwise,  the  solution  may  tend 
to  drift  up  and  down  the  road  link  either.  If  the  vehicle  is 
moving,  the  solution  should  be  allowed  the  freedom  of 
moving  to  a  different  point  along  the  road  link.  It  turns 
out  that  a  slow  moving  vehicle  should  not  be  allowed  the 
freedom  to  wander  up  and  down  the  road  link.  Therefore 
a  slow  vehicle  is  distinguished  from  a  fest  vehicle  l^f 
some  threshold  speed.  In  Calgary,  the  speed  limit  for 
residential  areas  is  50  km/h.  It  was  decided  that  the 
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Figure  8.  Map  aided  GPS  in  tree  canopy  environment 


threshold  should  be  just  below  this  level  (45  km/h)  so 
that  only  vehicles  proceeding  at  slower  speeds  are 
constrained  using  the  weighted  point  algorithm. 

SOLUTIONS  COMPARED 

The  first  solution  using  GPS  alone  is  a  best  DOP  unique 
solution.  This  solution  is  arrived  at  by  selecting  the  four 
satellites  that  give  the  best  DOP,  and  using  them  in  a 
unique  solution  to  solve  for  the  four  unknowns.  This 
solution  is  computed  internally  by  the  Trimble 
MobileGPS  receiver  and  is  logged  by  PortaNav. 

A  second  GPS  stand  alone  solution  uses  all  of  the 
satellites  in  view  above  the  cut-off  elevation  (10°)  in  a 
least  squares  adjustment.  Blunder  detection  and  removal 
is  performed  if  there  is  redundancy  in  the  adjustment. 
The  results  of  this  solution  were  even  noisier  than  the 
best  DOP  fix  because  of  the  increased  number  of 
constellation  changes.  The  plots  for  this  solution  will  not 
be  presented. 

The  next  solution  compared  is  the  map  aided  Kalman 
filter  as  outlined  in  this  paper.  Again,  this  algorithm  is 
based  on  a  Kalman  filter  that  uses  pseudorange  and 
doppler  measurements  to  filter  a  state  vector  with  eight 


Figure  9.  Best  DOP  fix  in  tree  canopy  environment 


states.  The  digital  road  map  is  used  to  find  probable 
roads  of  travel,  and  if  an  acceptable  road  is  found,  it  is 
used  to  update  the  filter  with  a  spatial  constraint. 

Finally,  the  baseline  solution  against  which  the  above 
three  are  compared  is  arrived  at  by  using  precise  GPS 
orbits  and  clocks  to  computed  a  post-mission  solution 
[14].  A  static  test  using  the  Trimble  MobileGPS  receiver 
yielded  an  RMS  of  5.0  m  in  northing,  4.8  m  in  easting, 
and  7.2  m  in  height.  The  precise  obits/clocks  solution 
was  used  to  verify  the  accuracy  of  the  digital  road  map 
and  confirm  the  trajectory  of  the  tests.  The  precise 
orbits/clocks  solutions  will  not  be  presented  here. 

ENVIRONMENTS  TESTED 

There  are  three  main  environments  in  urban  land 
navigation:  open  road,  tree  canopy,  and  urban  canyon. 
Each  of  these  is  described  in  brief 

Urban  canyons  are  areas  where  tall  buildings  line  the 
streets,  as  is  the  case  in  most  downtown  cores.  GPS 
signals  do  not  penetrate  solid  matter,  so  the  buildings 
block  the  signals,  reducing  the  number  of  satellites 
available.  Buildings  are  also  highly  reflective,  so  urban 
canyons  tend  to  be  high  multipath  envirorunents.  The 
maximum  multipath  error  is  about  300  m  in  a 
pseudorange.  Multipath  in  the  order  of  150  m  is 
common  in  urban  canyon  areas.  The  effects  of  multipath 
are  large  shifts  in  the  computed  positions  from  epoch  to 
epoch. 

Tree  canopy  refers  to  areas  where  the  trees  are  large, 
have  heavy  foliage,  and  possibly  even  cover  the  road 
overhead.  GPS  signals  are  affected  by  the  foliage,  so  the 
heavier  the  foliage,  the  less  likely  the  signal  is  to  reach 
the  receiver.  Tree  canopy  areas  tend  to  not  have  as  bad 
multipath  as  the  urban  canyon  areas,  however  multipath 
is  still  apparent.  In  single  point  GPS,  signal  blockage  is 
a  large  source  of  noise.  This  is  because  each  satellite  has 
a  different  range  error  due  to  SA.  The  result  is  that  when 
a  satellite  drops  out  of  or  enters  the  constellation  in  view, 
the  solution  is  shifted  by  up  to  a  few  tens  of  metres. 
Constellation  changes  occur  frequently  in  both  the  tree 
canopy  and  the  urban  canyon  environments,  causing  the 
solutions  to  be  quite  noisy. 

The  open  road  is  anywhere  that  does  not  have 
obstructions  to  the  satellite  signals.  Typically  these  areas 
are  in  residential  areas  with  younger  trees,  major 
thoroughfares  with  large  right-of-ways,  and  in  areas 
where  the  buildings  are  only  one  to  three  stories  tall. 

KALMAN  FILTER  PARAMETERS  FOR  MAP 
AIDED  GPS 

There  are  many  parameters  that  are  used  to  control  the 
behaviour  of  a  Kalman  filter.  In  PortaNav,  some 
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constraints  were  also  introduced  to  further  improve  the 
performance  of  the  filter. 

The  characteristics  of  a  slow  moving  vehicle  are  quite 
different  from  those  of  a  fast  vehicle.  A  slow  vehicle  can 
change  headings  quickly,  while  a  fast  vehicle  can  change 
positions  quickly.  This  knowledge  was  the  basis  behind 
selecting  two  sets  of  correlation  times  and  spectral 
densities.  The  correlation  times,  parameter  standard 
deviations,  and  spectral  densities  are  listed  in  Table  1. 
The  parameter  variances  remain  the  same  regardless  of 
the  situation.  Again,  the  threshold  of  45  km/h  was  used 
to  distinguish  between  fast  and  slow  travel.  The 
parameter  variances  listed  were  used  as  the  initial 

variances  as  well.  The  relatively  - 

high  clock  variances  are  due  to  the 

fact  that  the  Trimble  MobileGPS 

receiver  makes  use  of  a  clock  that  tate  parame  ers — 

is  inexpensive  but  not  very  stable.  horizontal  positions 

The  standard  deviations  of  the  vertical  position 

observations  appear  in  Table  2.  horizontal  velocities 

GPS  errors  vary  largely  from 

.,  vertical  velocity 

situation  to  situation;  the  error 

budget  does  not  always  lead  to  a  clock  offset 

realistic  value.  Empirical  testing  clock  drift 

led  to  the  selection  of  the  values 

listed. 

Some  of  the  weaknesses  of  the  Kalman  filter  can  be 
addressed  by  adding  some  constraints  to  the  values  of  the 
state  vector.  Each  of  the  constraints  used  in  PortaNav 
will  be  briefly  described. 

First  of  alt,  when  the  vehicle  is  stationary,  the  three 
velocity  components  are  constrained  to  zero.  This  is 
implemented  by  observing  the  velocity  as  computed 
independently  by  the  receiver.  If  the  speed  over  ground 
(SOG)  is  less  than  2  m/s  (7.2  km/h),  the  vehicle  is 
assumed  to  be  stationary.  This  assumption  is  based  on 
the  fact  that  a  road  vehicle  does  not  normally  sustain 
speeds  at  this  level.  Once  the  static  condition  has  been 
determined,  the  velocities  are  constrained  to  zero.  This 
is  done  by  setting  the  velocity  states  to  zero  when  the 
states  are  updated  at  each  epoch.  This  causes  the 
predicted  solution  to  remain  unchanged,  while  the 
measurements  continue  to  affect  the  filtered  position. 

The  second  major  constraint  comes  into  effect  when 
measurements  from  only  three  satellites  are  available. 
This  happens  quite  often  in  areas  with  tall  buildings  or 
trees.  If  an  epoch  with  only  three  satellites  is  used,  the 
height  is  constrained  to  the  last  known  value.  This 
allows  the  filter  to  remain  stable,  while  making  use  of  the 
information  in  the  observations  to  determine  the 
horizontal  position  and  the  velocities.  This  constraint  is 
effectuated  in  the  same  manner  as  the  static  constraint; 


when  the  state  vector  is  updated,  the  height  parameter  is 
left  unchanged. 

The  final  constraint  placed  on  the  filter  is  related  to  the 
road  that  is  found.  Kalman  filters  based  on  a  constant 
velocity  dynamics  model  tend  to  overshoot  the  turn  when 
the  direction  of  the  vehicle  changes.  To  assist  the  filter  is 
finding  the  proper  azimuth  after  changing  direction,  the 
azimuth  of  the  first  road  found  is  introduced  into  the 
state  vector.  A  change  in  azimuth  of  more  than  forty 
degrees  over  the  span  of  a  few  epochs  indicates  that  a 
significant  change  in  direction  has  occurred.  As  soon  as 
an  acceptable  road  is  found  after  a  significant  change  in 
direction,  the  azimuth  of  the  road  is  applied  to  the 

Spectral  density  of  1  Correlation  time  of 


State  parameters 

State  standard 
deviation 

process  noise  ( mVs^) 
slow  fast 

process  noise  (s) 
slow  fast 

horizontal  positions 

50  m 

vertical  position 

50  m 

horizontal  velocities 

10  m/s 

1,000 

250 

5 

20 

vertical  velocity 

10  m/s 

250 

125 

20 

40 

clock  offset 

200  m 

clock  drift 

20  m/s 

80 

80 

1,000 

1,000 

Table  1.  Parameters  used  in  Kalman  filter 

horizontal  velocity  components  of  the  filter.  Once  again, 
this  occurs  at  the  state  update  phase  by  projecting  the 
absolute  velocity  into  the  easting  and  northing  velocity 
components  using  the  azimuth  of  the  foimd  road.  This 
constraint  causes  the  predicted  position  at  the  next  epoch 
to  be  along  the  road,  rather  than  overshooting  the  road 
laterally. 

Due  to  the  static  constraint  used,  the  Kalman  filter 
experiences  a  lag  when  the  vehicle  begins  to  move  again. 
To  help  compensate  for  this,  the  filter  is  kick  started 
when  the  vehicle  starts  moving  after  a  static  period. 
When  the  receiver  determined  SOG  rises  above  the  static 
threshold,  the  horizontal  velocity  states  in  the  Kalman 
filter  are  set  using  the  receiver  determined  SOG  and 
course  over  ground  (COG). 

TESTS 

All  of  the  tests  were  performed  on  June  1,  1995.  The 
plots  for  the  map  aided  solutions  show  June  2;  this  is 


Observation 

Standard  deviation 

GPS  pseudorange 

15  m 

GPS  doppler  shift 

0.2  m/s 

map  coordinates 

15  m 

Table  2.  Standard  deviations  of  observations 
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UTC  time.  The  vertical  height  of  each  plot  is  shown  on 
the  bottom  line  of  the  screen  captures.  The  other 
parameters  are  displayed  during  the  run  and  as  the  file  is 
played  back  post-mission.  All  of  the  plots  are  north  up. 

The  plots  for  the  map  aided  GPS  solution  are  shown  in 
Figures  6,  8,  and  10  for  the  open  road,  tree  canopy  and 
urban  canyon  environments  respectively.  The  plots  of 
the  best  DOP  fix  as  computed  by  the  Trimble  MobileGPS 


Figure  10*  Map  aided  GPS  in  urban  canyon  environment 

receiver  are  shown  in  Figures  7,  9,  and  11.  The  actual 
road  of  travel  is  easily  identified  in  all  of  the  plots  except 
in  the  urban  canyon  plots.  Some  general  comments  on 
each  environment  follow. 

The  open  road  is  the  most  friendly  to  GPS  and  that  fact  is 
clear  in  both  the  map  aided  and  best  DOP  solutions.  The 
best  DOP  solution  experiences  spikes  when  a  satellite  is 
blocked  momentarily  and  the  constellation  used  is 
changed.  From  Figure  7,  there  appears  to  be  a  bias  to  the 
north  and  east  due  to  SA.  The  map  aided  solution  in 
Figure  6  exhibits  a  common  characteristic  of  constant 
velocity  Kalman  filter  models,  namely,  overshooting  the 
turns.  When  this  happens,  the  map  helps  bring  the 
solution  into  line  again.  This  is  evident  at  the  points 
marked  with  an  arrow  in  Figure  6. 


The  trajectory  of  the  map  aided  solution  is  much 
smoother  than  the  best  DOP  fix,  and  hence  is  much  more 
pleasing  to  the  end  user.  Road  identification  is  still 
possible  at  all  points  in  the  trajectory  except  for  the  area 
marked  with  an  arrow  in  Figure  8.  The  large  multipath 
caused  the  filter  to  get  lost.  The  filter  was  able  to  avoid 
the  large  shift  to  the  south  that  is  apparent  in  Figure  9, 
but  at  the  next  epoch,  an  over  correction  caused  the  large 
shift  to  the  north.  A  blunder  this  large  does  not  get 
absorbed  by  the  filter.  The  filter  should  be  modified  to 
have  better  blunder  detection  and  removal.  The  good 
news  is  that  the  filter  was  able  to  find  the  correct  position 
again  within  two  blocks.  In  Kalman  filtering,  the 
solution  has  the  potential  to  diverge  after  a  large  blunder 
is  introduced. 

The  urban  canyon  environment  is  by  far  the  most 
treacherous  for  GPS  navigation.  The  signal  blockages 
cause  long  periods  between  fixes  and  frequent  instances 
of  high  multipath  cause  large  shifts  in  the  positions.  The 
best  DOP  solution  in  Figure  11  shows  several  shifts  of  up 
to  three  hundred  metres  due  to  multipath.  With  the  best 
DOP  solution,  there  are  as  many  fixes  near  wrong  roads 
as  there  are  fixes  near  correct  roads. 

The  map  aided  solution  has  a  smooth  trajectory  in  the 
mban  canyon  for  the  most  part.  The  only  time  the  filter 
got  lost  is  marked  with  arrow  A.  The  actual  path 
travelled  was  north  on  6^  St.  to  3^^  Ave.,  east  imtil  2"*^  St., 
south  until  4*^  Ave.,  then  east  to  9*  St.,  where  the  filter 
finds  the  correct  position.  There  are  two  other  times 
where  the  filter  is  off  course  for  a  block.  In  the  first, 
marked  by  arrow  B,  the  vehicle  was  never  on  4*^  Ave. 
The  problem  is  caused  by  an  incorrect  map  update,  and 
was  corrected  when  the  vehicle  made  the  next  turn.  The 
second  instance,  marked  by  arrow  C,  shows  the  vehicle 
traversing  blocks  diagonally.  The  actual  path  of  the 
vehicle  was  south  on  7**"  St.  until  8*  Ave.,  where  it  turned 
west.  The  problem  was  caused  by  a  long  period  of 
blackout.  Again,  the  filter  was  able  to  correct  itself 
within  two  blocks. 


The  primary  objective  is  to  identify  what  street  the 
vehicle  is  travelling  on.  The  software  can  do  a  map 
match  for  display  purposes,  and  snap  the  position  onto 
the  road.  For  the  open  road  case,  the  snapped  solution 
for  each  case  would  be  virtually  equivalent. 

The  tree  canopy  area  used  has  narrow  roads,  apartment 
buildings  that  are  two  to  ten  stories  high,  and  large  trees 
that  occasionally  cover  the  entire  roadway.  The  effect  on 
the  best  DOP  solution  is  an  increased  number  of 
constellation  changes,  hence  several  large  shifts  in  the 
position  occur  due  to  S A.  The  large  shift  marked  with  an 
arrow  in  Figure  9  is  due  to  multipath.  At  this  point  there 
were  two  large  buildings  lining  the  road. 


Figure  11.  Best  DOP  fix  in  urban  canyon  environment 
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The  performance  of  the  Kalman  filter  was  evaluated  with 
and  without  each  of  the  state  constraints  previously 
described.  The  static  constraint  helped  the  filter  remain 
stable  at  intersections,  and  helped  to  prevent  turn 
overshooting  when  the  vehicle  stopped  before  turning.  A 
disadvantage  of  the  static  constraint  is  when  the  filter  is 
lost,  it  takes  longer  to  return  to  the  correct  position  again. 
The  height  constraint  only  had  an  effect  in  the  urban 
canyon.  There  were  a  total  of  532  epochs  over  a  period 
of  1,478  seconds  in  the  urban  canyon  data  set.  Of  these, 
273  or  51%  were  with  only  three  satellites.  Over  half  of 
the  fixes  would  not  have  been  available  without  height 
aiding.  The  azimuth  constraint  after  a  turn  helped  keep 
the  filter  from  overshooting  the  roads  laterally. 
Examples  of  this  occurring  are  indicated  with  arrows  in 
Figure  6.  The  disadvantage  to  this  constraint  is  that 
when  an  incorrect  road  is  found,  it  takes  longer  for  the 
true  road  to  be  found.  The  final  adjustment  to  the  filter 
was  the  kick  start  applied  after  static  periods,  which 
helped  in  areas  where  quick  turns  were  made. 

CONCLUSIONS 

The  map  aiding  approach  taken  to  augment  GPS  greatly 
improves  the  smoothness  of  the  trajectory  in  vehicle 
navigation,  particularly  in  the  urban  canyon  and  tree 
canopy  environments.  The  computed  solution  enables 
the  vehicle  to  be  displayed  on  the  correct  road  more  often 
than  with  GPS  alone  (with  map  matching  in  the  display 
procedure).  Map  aiding  enhances  the  performance  of 
GPS  for  autonomous  portable  vehicle  navigation  at  a  low 
increase  in  the  cost  of  the  system,  and  with  no  additional 
hardware.  Map  aided  GPS  provides  output  that  is 
pleasing  to  the  eye  and  mind  if  a  user  is  willing  to  put  up 
with  the  filter  occasionally  becoming  lost  in  the  urban 
canyon  environments. 
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Abstract 

In  this  paper,  an  efficient  search  procedure  for  phase 
ambiguities  is  developed  using  genetic  algorithms  (GAs). 
GAs  are  efficient  search  techniques  based  on  the 
mechanism  of  natural  selection,  combining  a  Darwinian 
survival-of-the-fittest  philosophy  with  a  random  yet 
structured  information  exchange  among  a  population  of 
artificial  chromosomes,  which  correspond  to  the  number 
of  potential  ambiguity  sets  in  the  ambiguity  search 
procedure.  Numerical  results  show  that  the  correct 
ambiguities  are  found  after  examining  only  a  small 
portion  of  the  search  space  using  the  proposed  procedure. 

1.  Introduction 

In  GPS  positioning,  carrier  phase  is  the  most  precise 
measurement  which  makes  relative  positioning  at 
centimeter  level  accuracy  possible.  However  since  only 
the  fractional  part  of  the  phase  can  be  measured,  the 
principal  problem  in  using  carrier  phase  in  range  mode  is 
the  determination  of  an  unknown  integer  number  of 
wavelengths,  known  as  the  phase  ambiguity.  The  phase 
ambiguities  must  be  resolved  correctly  to  reach 
centimeter  accuracy.  The  estimation  and  validation  of  the 
phase  ambiguities  is  often  referred  to  as  the  ambiguity 
resolution. 

During  the  past  few  years  various  approaches  have  been 
developed  and  studied  to  resolve  the  phase  ambiguities. 


e.g.  the  ambiguity  function  method  (Counselman  and 
Courevitch,  1981;  Remondi,  1984;  Erickson,  1992),  the 
fast  ambiguity  resolution  approach  (Frei  and  Beutler, 
1990;  Qiu,  1993),  the  least  squares  ambiguity  search 
technique  (Hatch,  1991;  Lachapelle  et  al,  1992), 
Sequential  square  root  information  filtering  (  Landau  & 
Euler,  1992;  Euler,  1994),  the  fast  ambiguity  search 
filter  (Chen,  1993,  1994),  and  the  ambiguity  transform 
method  (Teunissen,  1994;  Teunissen  and  Tiberius, 
1994).  These  ambiguity  resolution  techniques  have  a 
more  or  less  similar  strategy  for  resolving  ambiguities. 
Basically,  the  procedure  starts  with  an  estimation  of 
initial  coordinates  or  initial  ambiguities  using  differential 
pseudorange  solution  or  float  carrier  phase  solution.  Next 
the  potential  search  space  is  determined.  The  search  space 
can  be  either  a  physical  space  (defined  in  the  position 
domain)  or  a  mathematical  space  (defined  in  the 
ambiguity  domain).  The  ambiguity  resolution  is  then 
performed  by  testing  many  potential  coordinates  or 
ambiguity  sets  inside  a  predetermined  search  space.  Each 
potential  coordinate  set  or  ambiguity  set  is  tested  by 
applying  certain  validation  and  rejection  criteria.  The 
search  procedure  is  stopped  and  ambiguities  are  fixed 
when  certain  assurance  criteria  are  fulfilled. 

From  the  above  ambiguity  resolution  procedure,  it  is 
easy  to  see  that  the  ambiguity  search  strategies  play  an 
important  role  in  the  ambiguity  resolution.  In  general, 
the  smaller  the  search  space  to  be  examined,  the  more 
efficient  an  ambiguity  resolution  procedure  will  be.  The 
focus  of  this  paper  is  therefore  on  developing  an  efficient 
search  scheme  for  the  ambiguity  resolution  based  on 
genetic  algorithms,  which  give  correct  ambiguities  after 
examining  only  a  small  portion  of  the  search  space. 

This  paper  is  organized  as  follows.  The  concepts  of 
genetic  algorithms  are  introduced  in  Section  2,  and  an 
efficient  search  scheme  for  ambiguity  resolution  in  the 
ambiguity  domain  is  formulated  in  Section  3.  Numerical 
examples  are  given  in  Section  4  to  demonstrate  the 
applicability  of  the  proposed  approach. 
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2.  The  Concepts  of  Genetic  Algorithms  (GAs) 

Since  Holland’s  pioneering  work  (Holland,  1975),  there 
has  been  a  growing  number  of  genetic  algorithms  for  a 
variety  of  optimization  problems  and  machine  learning 
tasks  because  of  their  robustness  and  because  of  their 
ability  to  rapidly  locate  optimal  or  near-optimal 
solutions  of  parameters  (e.g.  Goldberg  and  Kuo,  1987; 
Goldberg,  1989;  Grefenstette  and  Baker,  1989;  Siedlecki 
and  Sklansky,  1989;  Karr  1991;  Karr  ,  et  al,  1991; 
Kumar,  1991). 

GAs  are  search  algorithms  based  on  the  mechanism  of 
natural  genetics.  They  imitate  nature  with  their 
Darwinian  survival-of-the-fittest  approach.  This  approach 
allows  GAs  to  speculate  on  the  new  points  in  the  search 
space  with  expected  improved  performance  by  exploiting 
historical  information.  GAs  use  random  transition  rules, 
not  deterministic  transition  rules,  to  guide  their  search. 
Although  chance  is  used  to  define  their  decision  rules, 
GAs  are  not  random  walks  through  search  space.  They 
use  the  chance  efficiently  in  their  exploitation  of  prior 
knowledge  to  rapidly  find  optimal  or  near-optimal 
solutions. 


GAs  require  the  natural  parameter  set  of  the  problem  to 
be  coded  as  a  finite  string,  called  a  chromosome.  In  the 
majority  of  GA  applications,  the  parameters  are  coded  as 
binary  strings.  To  understand  how  this  can  be  done,  let 
us  consider  the  ambiguity  resolution  problem.  If  the 
physical  space  is  chosen,  coordinates  x,  y,  and  z  in  the 
search  space  have  to  be  coded.  Any  of  these  three 
parameters  can  be  easily  represented  as  a  binary  string. 
For  example,  6  bits  would  be  interpreted  as  binary 
number  (e.g.  101010  would  be  42).  This  value  would  be 
mapped  linearly  between  Xmin  and  Xmax  according  to  the 
following  formula: 


X  =  X 


bin 


-  X  .  ) 


(2.1) 


where  bin  is  the  integer  value  represented  by  a  m-bits 
string,  Xmin  and  Xmax  are  the  minimum  and  maximum 
of  X  (or  y,  or  z).  The  above  transformation  establishes  a 
one-to-one  mapping  between  m-bits  binary  strings  and 
real  numbers  in  the  interval  [xjnin  Xmaxl  with  resolution 
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X  .  ).  This  gives  a  convenient  mean 


for  representing  a  real  number  of  parameters.  Three 
strings,  corresponding  to  x,  y,  and  z,  are  then  put 
together  to  form  a  string  corresponding  to  the  point 
coordinate  (x,  y,  z).  If  the  mathematical  space  is  chosen, 
the  ambiguities  can  be  directly  coded  using  the  binary 
representation.  Since  GAs  work  with  a  code  of 
parameters,  not  parameters  themselves,  they  are  difficult 
to  fool  because  they  are  not  dependent  on  continuity  of 
the  parameter  space. 


GAs  manipulate  a  set  of  strings,  called  population,  in  the 
binary  space  simultaneously.  This  implicit  parallelism 
gives  GAs  rapid  processing  power,  which  allows 
simultaneous  allocation  of  search  effect  to  many  regions 
of  search  space.  The  population-to-population  approach 
reduces  the  chance  of  converging  to  local  maximum  in  a 
multimodal  search  space.  Therefore  GAs  are  global  search 
techniques. 

A  simple  GA  is  composed  of  three  basic  operators:  1) 
reproduction;  2)  crossover;  3)  mutation.  These  operators 
are  implemented  by  performing  the  basic  operations  of 
copying  strings,  exchanging  portion  of  strings  and 
occasionally  altering  of  a  string  portion. 

Reproduction  is  an  operation  by  which  an  old  string  is 
copied  to  a  new  population  according  to  its  fitness  value. 
Here  fitness  value  is  defined  as  non-negative  number, 
which  is  used  to  measure  the  quality  of  a  string.  The  best 
string  in  a  search  space  has  maximum  fitness  value 
corresponding  to  an  optimal  solution  of  parameters, 
while  the  worst  has  minimum  fitness  value.  In  general, 
the  fitness  function  consists  of  two  functions: 

f(x)=g(J(x))  (2.2) 

where  J  is  the  objective  function,  and  g  transforms  the 
value  of  the  objective  function  to  a  non-negative  value. 
The  mapping  performed  by  g  is  always  needed  when  the 
objective  function  is  to  be  minimized  (since  lower 
objective  values  must  map  to  higher  fitness  values  )  or 
when  the  objective  function  can  take  on  negative  values. 
In  this  paper,  a  number  of  copies  is  made  according  to 
the  following  distribution: 


i=l 


where  fi  is  the  fitness  value  of  a  string  in  the  population, 
n  is  the  number  of  strings.  Reproduction  is  thus  the 
survival-of-the-fittest  step  of  GAs.  The  best  strings  make 
more  copies  than  the  worst. 

After  reproduction,  simple  crossover  is  implemented  in 
two  steps.  First,  the  two  new  strings  are  selected  at 
random  from  the  strings  created  by  previous  selection. 
Second,  a  position  along  the  strings  is  created  at  random, 
at  which  two  strings  exchange  their  parts  to  create  two 
new  strings.  This  is  shown  as  follows.  Given  two 
strings  [10  1  10  0]  and  [011001],  crossover  at 
position  4  results  in  two  new  strings  [10  10  0  1]  and  [0 
1  1  10  0].  Crossover  provides  a  mechanism  for  strings 
to  mix  and  match  attributes  through  a  random  process. 
When  string  A  looses  its  desirable  qualities  to  string  B, 
string  B  is  improved  and  has  a  better  chance  to  survive  in 
the  future  generation.  However,  string  A  has  been 
weakened,  and  will  die  off  in  future  generations. 
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Crossover  in  a  population  is  controlled  by  a  crossover 
rate  'Pcrossover',  which  is  the  probability  of  accepting  an 
eligible  pair  of  chromosomes  for  crossover.  The 
crossover  rate  is  usually  set  to  a  high  value  to  provide 
sufficient  information  for  processing. 

Reproduction  and  crossover  gives  GAs  the  most  of  their 
power.  The  third  operation,  mutation,  increases  the 
variability  of  the  population  and  prevent  premature 
convergence.  The  mutation  operation  introduces 
occasional  random  alterations  of  a  string  portion.  In  the 
binary  code,  this  simply  means  changing  a  1  to  a  0  and 
vice  versa.  The  mutation  rate  is  controlled  by  the 
mutation  rate  'Pmutation',  which  is  the  probability  of 
switching  bits  in  the  chromosomes.  The  mutation  rate  is 
typically  set  to  a  small  value. 

After  examining  the  above  three  operations,  an  overall 
processing  procedure  of  a  simple  GA  using  the  above 
three  operators  proceeds  in  cycles,  called  generations. 
First,  an  initial  population  of  strings  (i.e.  the  first 
generation)  is  generated  at  random.  Each  stnng  is  then 
decoded  yielding  the  actual  parameters.  The  fitness  value 
for  the  parameter  set  corresponding  to  each  string  is 
computed.  This  fitness  value  is  then  used  to  direct  the 
application  of  the  three  operations,  which  generate  a  new 
generation  of  the  population.  This  siinple  procedure 
continues  generation  by  generation  until  convergence 
with  a  population  is  achieved. 

3.  An  Efficient  Ambiguity  Search  Procedure 

In  the  section,  a  modified  simple  GA  is  applied  to 
develop  an  efficient  procedure  for  ambiguity  search.  We 
will  restrict  our  attention  to  the  efficient  search  procedure 
in  the  mathematical  space  since  searching  in  the 
mathematical  space  is  more  efficient  than  in  the  physical 
space.  However  it  is  also  possible  to  develop  an  efficient 
search  scheme  in  the  physical  space  using  a  similar  idea 
as  that  described  in  this  section. 

The  ambiguity  search  problem  in  a  mathematical  space 
can  be  formulated  as  an  optimization  problem,  in  which 
a  potential  ambiguity  set  in  a  predetermined  search  space 
is  sought  such  that  the  estimated  ambiguities  are  equal  to 
the  true  ones.  Since  the  true  ambiguities  are  always 
unknown,  an  objective  function  is  needed  to  measure  the 
quality  of  the  estimated  ambiguities.  There  ^e  many 
options  available  for  choosing  objective  functions.  The 
following  objective  function  is  used  in  this  paper; 

J(  AVN)  =  ( AVN  -  AVN)"^  -  ( AVN  -  AVN) 

(3.1) 

where  J(AVN)  is  the  objective  function  for  the  double 
difference  ambiguity  set  AVN , 

AVN  =  AVO-AVp, 


AVd>  is  the  observed  double  difference  vector  for  the  true 
point  and  AVp  is  the  calculated  double  difference 

observation,  AVN  is  the  estimated  double  difference 
ambiguity  set  from  the  double  difference  float  carrier 

phase  solution,  and  is  the  corresponding 

covariance  matrix . 

The  application  of  a  GA  requires  some  measure  for 
evaluating  the  quality  of  the  possible  solutions 
represented  by  individual  strings  in  the  population.  Since 
the  fitness  value  must  be  a  non-negative  value  and  the 
optimal  solution  should  correspond  to  the  maxirnum  of 
the  fitness,  the  fitness  function  used  here  is  defined  as 
follows: 

f(AVN)  =  b-log(J(AVN))  (3.2) 

where  b  is  chosen  such  that  f(AVN)>0.  The 
logarithmic  mapping  is  chosen  to  prevent  premature 
convergence  because  it  exaggerates  a  small  difference 
when  J(AVN)  approaches  zero. 

An  ambiguity  search  procedure  based  on  a  modified  GA 
is  shown  in  Figure  1  and  can  be  outlined  using  the 
following  steps; 

Step  1:  The  real  values  for  the  double  difference 
ambiguities  are  computed  using  the  double  difference 
float  carrier  phase  solution.  This  can  be  done  by  either  a 
sequential  adjustment  or  a  Kalman  filter. 

Step  2;  A  search  cube  around  the  initially  estimated 
double  difference  ambiguities  is  defined  by  a  specified  set 
of  criteria. 

Step  3;  An  initial  population  of  size  n  corresponding  to 
a  set  of  double  difference  ambiguities  inside  the  search 
cube  is  selected  at  random. 

Step  4:  The  strings  in  the  population  are  decoded  and 
fitness  values  of  these  strings  are  computed  according  to 
(3.2).  The  best  string  in  the  population  is  passed  to  the 
next  generation . 

Step  5:  Genetic  operations  are  performed  for  a  given 
selection  criteria,  crossover  rate  and  mutation  rate. 

Step  6:  Nominal  convergence  is  checked.  If  convergence 
occurs,  go  to  Step  7,  otherwise  go  to  Step  4. 

Step  7:  A  new  population  for  the  next  generation  is 
generated  by  transferring  the  best  string  of  the  converged 
population  to  the  new  population  and  then  generating  the 
other  n-1  strings  randomly. 

Step  8:  Go  to  Step  4  until  convergence  is  achieved. 
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Figure  L  Flow  chart  for  the  ambiguity  search  procedure 

The  above  search  procedure  is  designed  for  a  small 
population  size  for  reducing  the  search  number  of 
potential  ambiguity  sets.  Because  the  simple  GA 
described  in  Section  2  works  well  when  the  population 
size  is  medium  or  large  (50  ~  200),  it  does  poorly  with  a 
very  small  population  due  to  insufficient  information 
processing  and  early  convergence  to  non-optimal  results. 
That  is  why  a  modified  simple  GA  is  chosen,  A  flow 
chart  for  the  proposed  search  procedure  is  given  in  Figure 
1.  A  computer  program  for  such  a  procedure  has  been 
implemented  using  Matlab-language. 


Two  important  points  related  to  the  above  ambiguity 
search  procedure  need  to  be  addressed: 

First,  since  the  application  of  GAs  to  the  ambiguity 
search  requires  only  information  concerning  the  quality  of 
the  estimated  ambiguities,  different  fitness  functions  will 
lead  to  the  same  ambiguity  search  procedure  with  the 
exception  of  the  fitness  function  calculation.  Therefore, 
the  above  ambiguity  search  procedure  can  be  generalized. 

Second,  only  three  double  difference  ambiguities 
corresponding  to  the  four  primary  satellites  are  coded  in 
the  above  search  procedures  in  order  to  reduce  search 
space.  The  other  double  difference  ambiguities 
corresponding  to  secondary  satellites  are  determined  using 
these  ambiguities.  Here  primary  satellites  are  those 
satellites  necessary  to  determine  a  position  uniquely,  and 
secondary  satellite  are  the  remaining  redundant  satellites 
(Hatch,  1991).  The  advantage  of  this  technique  is  that 
only  a  three-dimensional  space  needs  to  be  searched 
regardless  of  the  number  of  satellites. 

4.  Numerical  Results 

To  prove  the  validity  of  such  an  ambiguity  search 
procedure,  two  tests  with  actual  measurements  were 
conducted.  The  purpose  of  the  first  test  is  to  provide 
validation  of  the  procedure.  It  is  also  used  to  demonstrate 
the  effectiveness  of  the  search  procedure.  The  second  test 
is  designed  to  investigate  the  performance  of  the  search 
procedure  in  static  mode,  especially  in  a  strong  multipath 
environment. 

In  the  first  test,  a  zero  baseline  was  observed  with  the 
NovAtel  GPSCard^^  receivers  on  the  roof  of  the 
Engineering  Building  of  The  University  of  Calgary  on 
May  3,  1995.  The  zero  baseline  consisted  of  two 
receivers  connected  to  one  antenna  through  an  antenna 
splitter.  Since  the  same  observations  were  received  at 
both  receivers,  all  errors  with  the  exception  of  receiver 
noise  and  a  small  amount  of  residual  multipath  canceled 
out  in  double  difference  mode,  given  an  ideal  data  set  for 
validation  of  the  proposed  procedure.  The  results  to  be 
presented  here  is  based  on  5-minute  data.  The  parameter  b 
in  the  objective  function  (3.2)  is  chosen  as  10  for  both 
tests.  The  first  test  is  run  with  the  following  two 
parameter  sets: 

Case  I: 

population  size=5 
string  length  =18 
Pcrossover=  1,0 
Pmutation  =  0 
and 

Case  II: 

population  size=5 
string  length  =  24 
Pcrossover  =1.0 
Pmutation  =  0. 
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The  small  population  size  is  chosen  to  achieve  the 
desired  reduction  in  search  number  of  potential  ambiguity 
sets.  The  search  range  for  each  ambiguity  corresponding 
to  the  string  length  6  is  2^,  i.e.  64,  while  the  search 
range  for  each  ambiguity  corresponding  to  Case  II  is  2^, 
i.e.  256.  That  means  the  search  cube  for  both  cases 
consists  of  262144  and  16777216  ambiguity  sets, 
respectively.  The  crossover  rate  is  set  to  one  to  facilitate 
a  high  order  of  information  processing,  while  the 
mutation  rate  is  kept  to  zero  as  it  is  clear  that  enough 
diversity  will  be  introduced  in  the  search  procedure  after 
Step  7. 

Figure  2  shows  the  fitness  value  corresponding  to  the 
best  string  in  each  generation  for  three  independent  runs 
(different  initial  populations)  as  it  increases  with  the 
number  of  generation.  The  true  and  estimated  difference 
ambiguities  are  given  in  Table  1 . 
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(b)  ambiguity  search  range:  256  (cycles) 
Figure  2.  Fitness  values  of  test  I 


Satellite  pairs 
in  differencing 

TrueAVN 

(cycles) 

Estimated 
AVN  (cycles) 

4-  5 

6301747 

6301747 

12-5 

110277974 

110277974 

7-5 

11028053 

11028053 

9-5 

7877165 

7877165 

2-5 

-52 

-52 

Table  1:  True  and  estimated  double  difference  ambiguities 
of  Test  1 


From  Figure  2  and  Table  1,  it  is  easy  to  see  that  the 
double  difference  ambiguities  have  been  found  correctly 
for  all  three  runs  after  no  more  than  100  generations  (i.e. 
500  function  evaluations  or  0.19  %  of  the  search  space) 
in  Case  I  and  after  no  more  than  300  generations  (i.e. 
1500  function  evaluations  or  0.009%  of  the  search  space) 
in  Case  II.  These  results  mean  that  the  larger  the  search 
range,  the  more  efficient  the  proposed  search  procedure 
will  be. 

In  the  second  test,  two  GPS  data  sets  collected  in  a 
strong  multipath  environment  are  used.  The  first  data  set 
was  collected  using  Magnavox  receivers  on  the  roof  of 
the  Engineering  Building  of  The  University  of  Calgary 
on  May  12,  1993,  and  the  second  one  using  NovAtel 
GPSCard^^  receivers  on  the  same  site  on  May  27,  1995. 
Two  pillars  with  known  coordinates  were  chosen  for  data 
collection.  Therefore  the  ambiguities  can  be  computed 
accurately,  which  will  serve  as  the  base  for  comparisons. 
The  double  difference  carrier  phase  residuals  of  the 
satellite  pair  SV  26  -  SV  19  for  the  first  data  set  are 
shown  in  Figure  3.  The  periodic  characteristics  of  the 
residuals  indicates  the  presence  of  strong  multipath. 
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Figure  3.  The  double  difference  carrier  phase  residuals 
(  satellite  pair:  SV  26  -  SV  19  ) 

The  second  test  is  also  run  with  the  two  parameter  sets 
used  in  the  first  test.  Figures  4  and  5  show  the  fitness 
value  corresponding  to  the  best  string  in  each  generation 
for  three  independent  runs  using  two  data  sets.  The  true 
and  estimated  difference  ambiguities  for  both  data  sets  are 
given  in  the  Table  2  and  3,  respectively. 


generation 


(a)  ambiguity  search  range:  64  (cycles) 
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Satellite  pairs 

TrueAVN 

Estimated 

in  differencing 

(cycles) 

AVN  (cycles) 

4-  2 

-3150908 

-3150908 

5-2 

-9453253 

-9453253 

14-2 

9452766 

9452766 

7-5 

-15755104 

-15755104 

9-2 

3151081 

3151081 

24-2 

-14186445 

-14186445 

15-2 

-14179036 

-14179036 

generation 


(b)  ambiguity  search  range:  256  (cycles) 


Table  3:  True  and  estimated  double  difference  ambiguities 
of  the  second  data  in  Test  2 


Figure  4.  Fitness  values  for  the  first  data  set 
in  Test  2 


Satellite  pairs 
in  differencing 

True  AVN 
(cycles) 

Estimated 
AVN  (cycles) 

2-19 

-20 

-20 

27-  19 

-40 

-40 

26-19 

-58 

-58 

Table  2:  True  and  estimated  double  difference  ambiguities 
of  the  first  data  in  Test  2 


As  can  be  seen  from  Figures  4  and  5  and  Tables  2  and  3, 
the  double  difference  ambiguities  have  been  found 
correctly  for  all  three  runs  after  no  more  than  250 
generations  (i.e.  1250  function  evaluations  or  0.48%  of 
the  search  space)  in  Case  I  and  450  generations  (i.e. 
2250  function  evaluations  or  0.013%  of  the  search  space) 
in  Case  II  for  both  data  set.  Comparing  the  results  from 
the  first  test  with  the  second  one,  one  can  see  that  more 
function  evaluations  are  needed  for  the  second  test.  That 
might  be  due  to  the  multipath  effect. 

5.  Conclusions  and  Future  Work 
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(b)  ambiguity  search  range:  256  (cycles) 

Figure  5.  Fitness  values  for  the  first  data  set 
in  Test  2 


The  above  preliminary  results  are  encouraging  and  show 
that  the  ambiguity  search  procedure  based  on  a  GA  is  an 
efficient  search  scheme  for  ambiguity  resolution. 

The  following  work  needs  to  be  done  to  make  the 
algorithm  fully  operational: 

1)  More  tests  using  a  variety  of  scenarios  are  needed. 

2)  Comparisons  with  other  ambiguity  search  methods 
should  be  conducted  and  evaluated. 

3)  A  validation  method  for  the  proposed  search  procedure 
must  be  developed  and  tested. 
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Abstract 

During  the  last  five  years,  research  in  airborne  gravimetry 
has  been  very  active  due  to  the  fact  that  aircraft 
acceleration  can  now  be  determined  with  high  accuracy 
from  GPS  carrier  phase  and  phase  rate  measurements. 
Airborne  gravimetry  determines  the  gravity  disturbance  by 
differencing  a  time  series  of  gyro-stabilized  accelerometer 
measurements  from  an  inertial  navigation  system  (INS) 
and  a  time  series  of  GPS  derived  accelerations.  The 
difference  is  the  sum  of  the  gravity  disturbance  and  system 
noise.  The  airborne  implementation  of  this  principle  is  so 
attractive  because  it  allows  to  measure  the  gravity 
signal  in  large  areas  in  relatively  short  time. 

Both  measurements  are  affected  by  large  noise  with 
different  frequency  components.  Consequently ,the  gravity 
disturbance  signal  is  buried  in  considerable  noise  and  its 
frequency  spectrum  resolution  will  depend  on  the  signal  to 
noise  ratio  in  different  frequency  bands.  The  challenge  is 
to  derive  the  most  appropriate  filtering  scheme  to  recover 
the  useful  signal  from  the  noisy  measurement.  Three 
approaches  are  considered  and  compared  in  this  paper. 
Finite  impulse  response  low-pass  filtering  which  is 
basically  a  frequency  domain  technique.  Kalman  filtering 
with  a  shaping  filter  as  a  stochastic  model  for  the  gravity 
disturbance.  Deterministic  model  filtering  that 
approximates  the  gravity  disturbance  by  a  simple 
function,  such  as  a  constant  or  a  ramp,  for  a  short  time 
interval.  The  latter  approach  divides  the  complete 
estimation  cycle  into  a  series  of  estimation  cycles  of 
short  duration,  and  is  therefore  quite  different  from  the 


other  two  approaches  which  consider  the  whole  data  span 
as  one  function. 

The  same  set  of  airborne  data  was  used  to  estimate  gravity 
disturbances  by  each  of  the  three  methods.  The  gravity 
disturbance  estimates  were  compared  to  values  obtained 
through  upward  continuation  of  terrain  gravity 
disturbances,  used  as  reference.  The  deterministic  model 
filtering  method  showed  the  expected  discontinuities 
between  estimation  cycles.  After  smoothing  by  an 
interpolating  polynomial,  the  gravity  disturbance 
estimates  reproduced  the  reference  trend.  The  frequency 
domain  method  performance  depends  on  the  sensor  errors 
at  different  frequencies.  Again,  the  gravity  disturbance 
estimates  reproduced  the  reference  trend.  The  Kalman  filter 
method, based  on  a  stochastic  model  for  the  gravity 
disturbance,  yielded  the  best  results  after  a  backward 
optimal  Kalman  filter  smoothing  step.  The  results  are 
preliminary  and  some  possible  limitations  of  the  analysis 
are  discussed  in  the  last  section. 

1  Introduction 

The  difficulty  of  extracting  the  gravity  disturbance  from 
the  time-synchronized  series  of  GPS  and  INS 
measurements  is  due  to  the  extremely  small  signal  to 
noise  ratio.  While  the  gravity  disturbance  amplitude  would 
typically  be  30  mGal  and  usually  not  exceed  100  mGal 
over  distances  of  about  100  km,  the  noise  level  of  an 
airborne  gravity  system  is  much  higher  as  Figure  1.1 
shows.  Although  a  large  part  of  this  is  white  noise  and 
can  be  eliminated  by  low-pass  filtering,  a  considerable  part 
is  correlated  noise  either  due  to  time-dependent  system 
errors  or  aircraft  dynamics.  So  the  problem  is  to 
distinguish  the  gravity  disturbance  signal  from  the  system 
measurements  which  is  largely  dominated  by  the  system 
noise,  GPS  and  INS  sensors  noise. 

INS  sensor  errors  due  to  accelerometer  bias,  accelerometer 
scale  factor  and  gyro  drift  are  in  the  low  frequency 
spectrum  range.  They  affect  mainly  long  wavelength  and 
medium  wavelength  gravity  resolution  accuracies.  The 
most  predominant  GPS  error  is  the  aircraft  acceleration 
noise  which  is  amplified  by  differentiating  velocity 
measurements.  It  is  in  the  high  frequency  spectrum  range 
and  affects  short  wavelength  gravity  resolution  accuracy.  It 
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may  be  useful  to  emphasize  that  this  is  a  rather  schematic 
and  broad  vision.  In  reality,  there  exists  a  region  in  the 
error  frequency  spectrum  where  both  sensor  errors  are 
present. 


time  (sec.) 

Fig,  (1-1)  -  Gravity  system  measurements. 


The  level  of  "nuisance"  of  the  different  error  contributors 
on  the  gravity  disturbance  determination  accuracy  is 
reviewed.  Three  different  methods  to  estimate  the  gravity 
disturbance  are  investigated  and  compared.  Only  the 
vertical  gravity  disturbance  estimation,  scalar  gravimetry, 
was  considered.  The  theoretical  foundations  upon  which 
each  method  is  based  are  quite  different.  The  sensitivities 
of  each  method  to  the  error  sources  affecting  the  gravity 
disturbance  are  also  different.  Therefore  a  comparative 
investigation,  based  on  a  numerical  test,  is  insufficient 
and  inappropriate  in  an  absolute  sense.  However,  the 
opportunity  and  objective  of  this  paper  was  to  provide  the 
conceptual  framework  of  each  method.  Consequently,  the 
numerical  tests  are  valuable  in  a  relative  sense. 

In  order  to  make  the  comparative  study  of  the  three 
methods  meaningful  numerically,  a  common  experimental 
measurement  data  set  was  considered.  The  measurement 
data  were  collected  during  an  airborne  gravimetry  test  that 
took  place  September  16^^,  1994  in  Lesser  Slave  Lake  in 
Alberta,  Canada.  Furthermore,  terrain  gravity 
measurements  of  the  flown  area  were  used  to  generate  an 
upward  continued  gravity  disturbance  grid  at  flying  height. 
The  upward  continued  gravity  disturbances  were  considered 
as  reference. 

2  Concept 

The  dynamics  of  the  gravity  vector,  in  kinematic  mode, 
are  described  by  Newton’s  law  of  motion.  When  expressed 
in  the  local  level  frame,  Newton’s  second  law  of  motion 
in  the  gravitational  field  of  the  Earth  is  of  the  form 
(Schwarz  and  Wei,  1994) 

g'=vl+(2Q|^  +  n^,)v‘-R},fb  ,  (2-1) 


where  the  superscript  1  denotes  that  the  corresponding 
vector  is  expressed  in  the  local  level  frame,  g*  is  the 
gravity  vector,  f  is  the  specific  force  vector  expressed  in 
the  body  aircraft  frame,  v*,v*  is  the  velocity  and 
acceleration  of  the  aircraft  respectively.  The  parameters 
and  are  the  skew-symmetric  matrices  containing 

the  angular  velocities  (o!^  and  co^j .  co!^  is  the  angular 
velocity  of  the  Earth  rotation  with  respect  to  the  inertial 
frame  and  is  the  angular  velocity  of  the  local  level 
frame  rotation  with  respect  to  the  Earth  fixed  frame.  The 
transformation  matrix,  r|^  ,  represents  the  orientation  of 

the  body  frame  with  respect  to  the  local  level  frame.  The 
specific  force  vector  in  the  body  frame  is  sensed  by  the 
INS  accelerometer  triad  and  the  transformation  matrix, 

r|^  ,  can  be  computed  by  using  body  rate  measurements 

sensed  by  the  INS  gyro  triad.  The  aircraft 

position, velocity  and  latitude  are  obtained  using  GPS 
carrier  phase  and  phase  rate  measurements.  The  aircraft 
acceleration  can  be  obtained  by  using  either  GPS  position 
measurements  (double  differentiation)  or  GPS  velocity 
measurements  (single  differentiation).  The  gravity 
disturbance  is  defined  as  the  difference  between  the  actual 
gravity  vector  and  the  normal  gravity  vector.  Therefore, 
the  gravity  disturbance  dynamic  model  is  given  by 


6g‘  )v>  -  Y>,  (2-2) 

where  y*  is  the  normal  gravity  vector  which  is  computed 
with  respect  to  a  specific  ellipsoid.  In  case  of  scalar 
gravimetry  only  the  vertical  component  is  of  interest 
(since  the  north  and  east  gravity  vector  magnitude 
components  are  negligible),  the  equation  (2-2)  becomes 
(Schwarz,  Li  and  Wei,  1994) 


K  =  +  (20)^  costp  +  -^)v^  + 


(2-3) 


where  is  the  Earth  rotation  rate,  (p  is  the  geodetic 
latitude,  Rj^  and  R^^  are  the  radii  of  curvature  in  the 


ellipsoidal  meridian  and  prime  vertical.  The  subscript  u 
denotes  the  vertical  component. 

Clearly,  sensor  errors  directly  affect  gravity  disturbance 
resolution  accuracy.  Error  sources  affecting  DGPS  carrier 
phase  measurements  in  kinematic  mode,  for  a  short 
baseline,  are  essentially  receiver  noise  and  multipath. 
Indeed,  the  receiver  tracking  bandwidth  has  to  be 
sufficiently  large  to  keep  track  of  the  satellite  signal 
which  makes  the  receiver  noise  level  higher.  Multipath 
signal  has  a  more  random  pattern  and  tends  to  cancel  out. 
Consequently,  GPS  in  differential  mode  provides  an 
aircraft  velocity  with  an  accuracy  of  about  1  to  2  cm/s. 
This  value  is  fully  sufficient  to  make  all  velocity- 
dependent  corrections  in  equation  (2-3)  very  accurate. 
Similarly,  normal  gravity  can  be  computed  with  high 
accuracy  using  the  computed  GPS  position  coordinates. 
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for  details  see  (Czompo,  1994).  On  the  other  hand  and 
despite  the  highly  accurate  aircraft  position  and  velocity 
provided  by  the  differential  GPS,  the  time-differentiation 
process  blows  up  the  error  contributed  by  the  aircraft 
acceleration  term,  v^ ,  and  this  error  increases  rapidly  with 

frequency.  This  can  be  seen  in  the  amplitude  spectrum  of 
the  gravity  system  measurements  of  Figure  (1-1),  given  in 
Figure  (2-1).  Considering  that  the  amplitudes  of  the 
gravity  disturbance  spectrum  are  not  more  than  a  few 
mGal  in  the  frequency  range  0,1  to  0.5  Hz,  the  system 
noise  is  extremely  large.  A  large  part  of  this  noise  is  due 
to  GPS  derived  acceleration  noise,  see  for  details 
(Schwarz,  Li  and  Wei ,  1994). 


frequency  (Hz) 

Fig.  (2-1)  -  Measurements  frequency  spectrum. 


The  error  contributed  by  the  specific  force  vertical 
component,  f^,  is  due  to  accelerometer  measurement 

noise  such  as  bias  and  scale  factor  and  to  a  lesser  degree 
to  gyro  measurement  noise  such  as  gyro  drift.  However, 
the  so-called  accelerometer  scale  factor  contains  aircraft 
vibration  effect.  These  errors  are  in  the  same  frequency 
range  as  the  useful  signal. 


3  Low-pass  filtering 


Since  the  gravity  disturbance  signal  being  on  the  low 
frequency  range, it  becomes  quite  natural  to  consider  low- 
pass  filtering  methods  as  a  valuable  approach. 
Unfortunately,  the  large  spreading  of  the  sensors  noise 
frequency  spectrum  lowers  the  performance  expectations  of 
this  method. 


fig.  (3-1) -Low-pass  filtering  diagram. 

There  are  basically  two  classes  of  low-pass  filters,  finite 
impulse  response  (FIR)  and  infinite  impulse  response 
(HR).  Finite  impulse  response  low-pass  filtering  was 
considered  in  this  paper.  Finite  impulse  response  filters 
are  also  known  as  nonrecursive  filters,  since  the  current 
output  filter  is  computed  from  current  and  previous 
inputs.  In  other  words,  there  is  no  inherent  feedback.  The 
filter  has  the  following  mathematical  form 

y(k)=  Ia)(n)h(n)x(k-n)  ,  (3-1) 

n=-N 

where 

X  :  filter  input 

y  :  filter  output 

h  :  filter  impulse  response 

(D  :  window  function. 

The  finite  impulse  response  low-pass  filter  is  an  attractive 
option  because  it  is  inherently  stable  and  does  not 
introduce  a  phase  distortion  in  the  output  waveform.  The 
choice  of  a  window  function  is  an  important  step  in  the 
design  of  a  FIR  low-pass  filter.  A  window  function 
provides  a  means  of  truncating  the  desired  low-pass 
coefficients,  which  are  generally  infinite  in  extent,  in  a 
manner  that  allows  the  resulting  filter  response  to  be  close 
to  the  ideal  response.  Unfortunately,  truncation  by  any 
window  leads  to  two  types  of  distortion.  The  first  is 
known  as  the  Gibbs  phenomenon,  a  rippling  effect  in  the 
filter  response  due  to  the  window  frequency  spectrum 
sidelobes.  The  second  is  a  broadening  of  the  transition  gap 
between  the  filter  response  passband  and  stopband  due  to 
the  width  of  the  window's  main  spectral  lobe.  A  window 
function  is  generally  chosen  (Stearns  and  Hush,  1990)  on 
the  basis  of  its  ability  to  reduce  the  Gibbs  phenomenon. 
The  sharpness  of  the  transition  from  passband  to  stopband 
may  be  controlled  by  the  length  of  the  filter,  the  parameter 
N  in  equation  (3-1). 
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The  result  is  relatively  good  in  capturing  the  trend  of  the 
gravity  disturbance  variation.  An  accuracy  of  slightly  less 
than  20  mGal  (RMS)  is  achieved.  It  shows,  however, 
large  biases  with  respect  to  the  reference  solution. 

4.  Kalman  filtering 

The  gravity  disturbance  dynamic  is  described  by  a  shaping 
filter 


rectangular(N=25)  banning  (N=25) 


freq.  (Hz.)  fr^q*  (Hz.) 


freq.  (Hz.)  freq.  (Hz.) 


Fig.  (3-2)  -  Ideal  versus  real  low-pass  transfer 
function  for  two  values  of  N. 

3.1  Numerical  test 

A  Hanning  window  was  chosen  in  this  paper  because  it 
provides  a  good  trade-off  between  the  main  lobe  width 
(passband  to  stopband  transition  sharpness)  and  sidelobe 
amplitudes  (Gibbs  phenomenon  reduction).  A  FIR  low- 
pass  filter  with  a  cut-off  frequency  of  .007  Hz  (150  sec. 
averaging  time  corresponding  to  a  10  km  wavelength)  was 
designed  to  estimate  the  gravity  disturbance. 


distance  (km) 

Fig.  (3-3)  -  Low-pass  filter  estimates  versus  reference. 


8g^  =  F5g^_j  +  ,  (4-1) 

for  a  predetermined  gravity  disturbance  covariance 
function.  Measurements  are  provided  by  the  differences 
between  INS  and  GPS  accelerations. 

z^  =  H6g^  +  V|^  ,  (4-2) 

where  is  the  white  input  noise  and  Vj^  is  the 

measurement  noise.  The  covariance  function  describes  a 
statistical  model  for  the  local  gravity  field.  It  provides  the 
relationship  between  the  gravity  field  parameters  at  two 
different  locations.  According  to  previous  investigations 
(E.T.  Knickmeyer,  1990,  Eissfeller  and  Spietz,  1989),  the 
gravity  statistical  model  as  described  in  equation  (4-1)  may 
be  obtained  in  basically  three  steps.  In  the  first  step,  a 
gravity  statistical  model  described  by  the  covariance 
function  of  the  anomalous  potential  is  established  in  the 
space  domain.  In  the  second  step,  the  model  is  transformed 
either  to  the  time  domain  or  to  the  frequency  domain. 
Third  step,  a  shaping  filter  is  derived.  Consequently,  the 
starting  point  in  the  investigation  would  be  to  derive 
empirically  the  covariance  function  from  a  set  of  measured 
terrain  gravity  disturbances  of  the  flown  area.  Then  a 
covariance  model  of  the  disturbing  potential  has  to  be 
selected  from  a  set  of  models  to  fit  the  empirically 
determined  covariance  function.  These  models  are 
summarized  in  (E.T.  Knickmeyer,  1990).  As  stated  in 
(Schwarz  and  Vassiliou,  1987),  a  good  choice  for  a 
covariance  model  is  the  second  order  Gauss-Markov 
model. 

4.1  Shaping  filter 

The  shaping  filter  transfer  function,  based  on  the 
covariance  model  of  the  disturbing  potential,  should 
produce  as  output  the  gravity  field  states  described 
statistically  by  the  original  covariance  model  when  excited 
by  a  white  noise  input.  A  frequency  domain  approach, 
spectral  factorization  method,  is  considered  for  the 
derivation  of  the  shaping  filter.  The  disturbing  potential  T 
is  modelled  as  a  second  order  Gauss-Markov  process. 

C„,(p)  =  a2(l-»-pp)e-PP  ,  (4-3) 


where 

variance  of  T 

p 

radial  horizontal  distance 

p 

correlation  distance 

(Schwarz  and  Vassiliou,  1987). 
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The  state  vector  may  be  the  disturbing  potential  and  its 
first  derivatives 


x  =  (T,T  ,T  ,T  y 

—  ^  X  y 


^  3T  1  ax 

T  =  —  = - =  -Tn 

^  dx  Rcos(p  ax 

T  I"  =-,1 

’By  R}if 

T  =il=  H  =-5g 

^  dz  3h 

(Moritz  1980). 

The  parameter  y  is  the  normal  gravity,  the  (x,y,z) 
coordinates  represent  the  local  level  frame,  ^  meridian 
deflection  component  and  r|  the  prime  vertical  deflection 
component.  As  stated  in  (Eissfeller  and  Spietz,  1989)  the 
spectral  matrix  is  given  by 
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Only  the  scalar  gravity  disturbance  shaping  filter  is 
considered.  The  spectral  factorization  of  82(8)  is  such  that 

V^^tP  ■  r- 

H(s)  =  4— ^(P  +  V3s)  .  (4-7) 


V^^tP  „  r- 
H(s)=  o  \(P  +  V3s)  . 
(P  +  s)^ 


Therefore 

(p  -H  s)2(-5g(s))  =  V^a^-PCp  V3s)C0(s)  .  (4-8) 

Using  the  inverse  Laplace  transform,  the  corresponding 
space  domain  relation  is 

-p^Sg  -  2p6g  -  8g  =  V^a^p2(0  +  V^a^p V3 w .  (4-9) 
Substituting 


5g„=8g  +  V^o^pV3co 


(4-10) 


Consequently,  the  gravity  disturbance  shaping  filter  is 

'  8g  1  r  8g  ] 

5j.  =F  o  +Gw  ,  (4-11) 

5g„  5g„ 


foil  , —  Vs 

P=  o2  oo  .G  =  V^a„pa)  ^  ^ 

-p2  -2p  ^  Ti"  -P(1-2V3) 


To  apply  spectral  factorization,  S(s)  has  to  be  para- 
hermitian 

S(s)  =  s'''(-s)  .  (4-5) 

This  condition  is  not  met  by  the  off-diagonal  elements  of 
the  fourth  row  and  column  of  the  spectral  matrix.  These 
elements  correspond  to  the  cross-correlation  between  T^ 
and  the  other  state  elements  T,  Tx,  Ty  To  alleviate  this 
problem,  Eissfeller  and  Spietz  (1989)  proposed  to  neglect 
these  cross-correlation  power  spectral  densities  and  to  split 
up  the  problem  into  the  design  of  a  combined  potential 
and  deflection  shaping  filter  with  the  state 
■iT 

x^  =  T,  T  ,  T  and  a  scalar  gravity  disturbance  shaping 

^  L  ^  y  j 

filter  with  state  x«  =  T  ,  so  that 
—z  z’ 


This  spatial  domain  filter  has  to  be  transformed  to  the 
time  domain  which  can  be  accomplished  according  to  the 
relation 

dr  dt  dr  dt  V  ^  ^ 

The  Kalman  filter  mechanization  is  well  known,  see  for 
instance  (Gelb,  1994). 

4.2  Numerical  test 

The  estimation  required  two  steps.  A  forward  Kalman 
filtering  and  a  backward  optimal  Kalman  filter  smoothing. 
The  second  step  was  necessary  to  smooth  out  the  large 
model  uncertainties.  Figure  (4-1)  shows  the  result  after 
smoothing. 


20  40  60  80  100 

distance  (km) 

Fig.  (4-1)  -  Kalman  filter  estimates  versus  reference. 

The  trend  of  the  gravity  disturbance  variation  is  nicely 
reproduced  although  there  is  still  a  significant  shift 
between  60  and  80  km.  The  achieved  estimation  accuracy 
is  about  10  mGal  (RMS). 


Pq  :  initial  state  error  variance 

R  :  measurement  noise  variance. 

For  practical  situations,  it  is  realistic  to  expect  the 
measurement  noise  variance  significantly  larger  than  the 
initial  state  error  variance.  Furthermore  there  is  no  a-priori 
knowledge  of  the  initial  state  error  variance.  In  order  to 
assess  the  effect  of  an  overestimation  or  an 
underestimation  of  the  initial  state  error  variance  on  the 
state  estimation,  the  estimation  state  error  propagation  has 
to  be  investigated.  The  estimation  state  errors  may  be 
described  by 


=  .  (5-3) 

where 

The  corresponding  variance  can  be  written  as 


5  Deterministic  model 

Based  on  the  fact  that  the  gravity  disturbance  varies  very 
little  over  short  distances,  it  may  be  described  by  the 
simple  model 

x  =  0  or  8g^=5g^_j.  (5-1) 

The  measurement  equation  remains  the  same 

This  approach  uses  a  piecewise  continuous  function  for 
each  estimation  cycle.  The  basic  condition  that  has  to  be 
met  is  that  for  a  short  time  interval,  the  gravity 
disturbance  can  be  considered  as  a  constant  or  a  ramp. 

5.1  Constant  model 

A  simple  constant  model  for  the  gravity  disturbance  is 
given  in  equation  (5-1).  As  stated  in  (Salychev,  1995),  the 
corresponding  Kalman  filter  is  described  by 

^k 

P 

K  -  o 
^  kP  +R 

o 

P  R 

Pt  = - - - 

kP  -kR 

O 

where 

:  estimate  of  8g 

Kk  :  Kalman  gain 


=  .  (5-4) 

r  r  1 

where 

e[x^]  =  P  and  E  v^  .  =R  . 

I  oj  o  k-jJ 


By  expanding  both  summation  terms,  a  closed  form 
expression  for  Pk  is  obtained  as 


(5-5) 


(Salychev  1995) . 


The  first  term  in  equation  (5-5)  corresponds  to  the  initial 
state  and  the  second  term  corresponds  to  the  measurement 
noise  smoothing.  The  choice  of  a  large  value  for  Pq  will 
make  the  first  term  converge  quickly  while  the  second 
term  converges  slowly.  Therefore  the  algorithm  converges 
quickly  to  the  initial  state,  whose  value  is  obtained  after  a 
backward  estimation  run,  while  the  measurement  noise  is 
poorly  smoothed. 
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Fig.  (5-1)  -  Estimates  for  a  large  Po  . 

Conversely,  the  choice  of  a  small  value  for  Pq  will  make 
the  algorithm  strongly  smooth  the  measurement  noise 
while  the  initial  state  is  poorly  estimated. 


distance  (km) 

Fig.  (5-2)  -  Estimates  for  a  small  Po  . 

One  approach  to  tackle  this  problem  may  be  to  find  a 
trade-off  in  terms  of  how  accurate  the  initial  state  is 
required  and  what  level  of  measurement  noise  smoothing 
is  required.  Clearly  this  approach  depends  on  the  length  of 
the  estimation  interval  and  the  a-priori  statistical 
information.  The  best  trade-off  is  achievable  for  a  long 
estimation  time  interval,  which  jeopardizes  the  validity  of 
the  constant  model  for  the  gravity  disturbance.  An 
alternative  approach  (Salychev  1995)  consists  of  a  two 
step  estimation  procedure.  The  first  step  estimates  the 
initial  state  vector.  The  second  step  smoothes  the 
measurement  noise  by  using  the  gravity  disturbance 
estimates  obtained  from  the  first  step  estimation. 
Consequently,  the  measurement  noise  can  no  longer  be 
considered  as  white.  The  second  step  estimation  may  be 
described  by 


“  ^k-1  ^k^^k  “  ^k-P 

K  ^k-1 ~  ^k-1 

Pk  =  P^_j  -  K^(Pk_i  -  , 

where 


(5-6) 


R  =- 


-R 


XT  R 

N-t-  — 
P 

O 


Vi=e[w;] 


where  N  is  the  total  number  of  samples  in  the  interval  of 
estimation.  The  initial  state  error  variance  is  provided  by 
the  second  term  of  equation  (5-5) 


P  = 


R 


(Salychev  1995). 

5.1  Numerical  test 

A  basic  time  interval  of  15  second  corresponding  to  a 
horizontal  distance  of  900  meters  was  considered.  The  next 
figure  shows  the  particular  discontinuity  pattern  associated 
with  this  method. 
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A  sixth  order  polynomial  was  used  to  interpolate  data  of 
the  individual  pieces  of  the  estimation  cycles. 


distance  (km) 

Fig.  (5-4)  -  Deterministic  model  smoothed  estimates 
versus  reference , 

A  smoothed  trend  is  well  reproduced,  but  all  details  are 
lost.  The  accuracy,  in  terms  of  root  mean  square  error,  is 
comparable  to  the  one  achieved  with  the  Kalman  filter 
method  (about  10  mGal). 

6.  Discussion  and  Conclusions 

Three  methods  of  gravity  disturbance  estimation  were 
investigated  and  numerically  tested.  Their  performances  are 
strongly  conditioned  by  the  theoretical  assumptions  under 
which  they  were  derived.  The  conceptual  framework  of 
each  method  was  presented.  The  numerical  results  can 
only  be  assessed  in  a  relative  way  because  the  sensitivities 
of  each  method  to  system  measurement  noise  are  quite 
different. 

The  deterministic  model  estimates  showed,  as  expected, 
the  discontinuity  pattern  between  consecutive  basic 
estimation  cycles.  The  numerical  results  showed  that 
interpolating  data  by  using  a  polynomial  was  not 
appropriate.  Indeed,  despite  the  smoothing  of  the 
discontinuities,  signal  details  were  lost.  The  other  factor 
limiting  the  estimates  accuracy  is  the  effect  of 
accelerometer  bias  and  accelerometer  scale  factor.  Indeed, 
using  the  same  data  set  and  the  same  approach,  a 
deterministic  model  for  the  gravity  disturbance,  Salychev 
(1995)  achieved  a  1  mGal  estimation  accuracy.  However,  a 
diiferent  estimation  strategy  was  used  in  this  case,namely 
a  multi-stage  filtering  procedure,  which  consists  of  four 
steps.  In  the  first  and  second  step,  accelerometer  bias  and 
scale  factor  were  removed.  Since  the  accelerometer  bias 
and  accelerometer  scale  factor  are  the  main  error  source 
contributors  in  the  low  frequency  spectrum  range,  where 
the  useful  signal  resides,  the  first  two  steps  revealed  to  be 
crucial  in  achieving  a  high  gravity  disturbance  resolution 
accuracy.  In  the  third  step,  a  piecewise  gravity  disturbance 
estimation  is  performed.  In  the  fourth  step,  a  data 
interpolation  using  a  spline  is  realized.  A  spline  data 


interpolation  scheme  showed  to  be  more  appropriate. 
Furthermore,  using  equal  length  basic  interval  of 
estimation  for  the  whole  data  span  may  not  be  optimal, 
because  for  some  intervals,  the  deterministic  model  may 
not  be  valid  anymore  due  to  the  sharp  variation  of  the 
local  gravity  field  inside  these  intervals. 

The  Kalman  filter  with  a  shaping  filter  as  a  statistical 
model  for  the  gravity  disturbance  yielded  the  best 
numerical  result.  Conceptually,  the  approach  is  very 
interesting  since  the  statistical  properties  inferred  in  the 
Kalman  filter  state  model  are  unique  to  the  local  gravity 
field.  Despite  the  fact  that  the  derivation  of  the  shaping 
filter  requires  several  approximation  stages,  the  numerical 
test  revealed  that  a  backward  optimal  Kalman  filter  will 
smooth  out  most  of  the  model  uncertainties.  In  this  case, 
the  a-priori  removal  of  the  accelerometer  bias  and  the 
accelerometer  scale  factor  will  make  the  measurements 
less  noisy,  and  therefore  a  more  conservative  choice  for 
the  measurement  noise  covariance  matrix  is  to  be 
considered.  On  the  other  hand,  the  estimation  performance 
should  not  be  affected  significantly  since  the  system 
model  reflects  only  the  gravity  disturbance  statistical 
properties. 

The  low-pass  filtering  method  result  captured  the  gravity 
disturbance  variation  trend.  It  missed,  however,  most  of 
the  reference  details.  In  this  case,  the  level  of  expected 
accuracy  strongly  depends  on  the  level  of  INS  sensor 
noise,  accelerometer  bias  and  accelerometer  scale  factor. 
Since  these  errors  are  in  the  same  frequency  range  as  the 
useful  signal  and  the  low-pass  filtering  method  is 
frequency  content  "blind".  In  addition,  accuracy 
expectation  is  also  conditioned  by  aircraft  vibration  effect 
which  is  lumped  into  scale  factor  effect.  Aircraft  vibration 
effect  are  related  to  aircraft  flight  dynamics.  As  a 
consequence,  its  effect  varies  with  frequency,  making  its 
detection  and  removal  difficult.  The  aircraft  vibration  effect 
may  be  reduced  by  using  an  aircraft  with  a  smooth  flight 
dynamics.  In  addition,  short  wavelength  gravimetry  is  also 
limited  by  the  low  frequency  part  of  the  GPS  derived 
acceleration  noise.  One  way  to  solve  or  at  least  to  reduce 
this  problem  may  be  simply  to  avoid  it,  by  increasing  the 
averaging  time  (decreasing  the  low  pass  filter  cut-off 
frequency)  using  a  lower  flying  velocity  aircraft.  Another 
performance  limiting  factor  is  the  fact  that  the  low-pass 
filter  passband  to  stopband  transition  interval  cannot  be 
made  equal  to  zero  in  practice.  An  a-priori  removal  of  the 
accelerometer  bias  and  the  accelerometer  scale  factor  will 
obviously  improve  significantly  the  performance  of  this 
method. 

Each  method  has  the  potential  to  achieve  a  high  precision 
resolution  of  the  gravity  disturbance.  Provided  an  a-priori 
treatment  of  the  sensors  noise.  A  more  rigorous  derivation 
of  the  shaping  filter  is  expected  to  improve  the  Kalman 
filter  method. 
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ABSTRACT 

Precise  long  range  GPS  kinematic  positioning  to 
centimetre  accuracy  requires  the  carrier  phase 
ambiguities  to  be  resolved.  There  are  many  techniques 
for  on-the-fly  ambiguity  resolution  for  short  baselines 
(<20km),  but  none  for  long  range  applications  (tens  to 
thousands  of  kilometres).  The  traditional  technique  of 
fixing  the  integer  ambiguity  is  by  initialisation 
involving  a  period  of  static  positioning  at  the 
beginning  of  a  kinematic  session.  The  weakness  of  this 
technique  is  that  it  requires  a  re-initialisation 
procedure  if  cycle  slips  occur  during  the  period  the 
antenna  is  in  motion.  Recently,  ambiguity  resolution 
procedures  have  been  developed  that  operate  even 
when  the  antenna  is  moving,  the  so-called  "on-the-fly” 
ambiguity  resolution  techniques.  Ambiguity  resolution 
on-the-fly  for  long  range  kinematic  mode  of 
positioning,  however,  is  a  very  difficult  task.  In  this 
paper,  a  technique  of  ambiguity  recovery  is  suggested 
to  recover  integer  ambiguities  when  cycle  slips  occur 
or  if  the  data  gap  is  shorter  than  a  few  minutes.  This 
technique  comprises  three  steps.  The  first  step  uses  the 
widelane  carrier  phase  observation,  together  with  the 
combined  observation  (~7cpi+9(p2)  and  the  precise 
pseudoranges,  to  detect  and  remove  cycle  slips  in  the 
one-way  carrier  phase  data.  Normally,  the  cycle  slips, 


when  there  are  no  serious  multipath  problems,  can  be 
detected  and  removed  in  this  step.  The  second  step 
uses  two  combined  carrier  phase  observables  (cpi  “tp2 
and  “3(pj+4(p2)  and  the  predicted  roving  receiver 

position  to  detect  and  remove  cycle  slips  using  a 
Kalman  filter  algorithm  applied  to  the  Ambiguity 
Function  implementation.  For  the  applications  when 
position  can  be  predicted  with  relatively  high  precision 
over  a  short  period,  such  as  the  tracking  of  a  railway 
vehicle,  large  ship,  or  aircraft,  the  second  step  will  be 
very  powerftil.  The  last  step  involves  a  validation 
procedure  which  determines  which  integer  cycle 
ambiguity  set  will  be  significantly  better  than  other 
candidate  sets.  The  suggested  technique  has  been 
successfully  tested  for  various  baseline  lengths.  Results 
of  an  aircraft  positioning  experiment  (140km)  and  a 
railway  tracking  experiment  (295km)  will  be 
presented. 


INTRODUCTION 

Precise  long  range  GPS  kinematic  positioning  to 
centimetre  accuracy  requires  the  carrier  phase 
ambiguities  to  be  resolved.  There  are  many  techniques 
for  on-the-fly  ambiguity  resolution  for  short  baselines 
(<20km),  but  none  for  long  range  applications  (tens  to 
thousands  of  kilometres).  Colombo  et  al  (1995) 
suggest  a  two-step  procedure.  The  first  step  is  an 
initialisation  which  can  fix  the  initial  integer 
ambiguity  using  static  data  at  the  beginning  of  a 
kinematic  session.  The  second  step  is  to  compute  the 
trajectory  using  a  Kalman  filter  and  smoothing 
algorithm.  This  technique  needs  a  re-initialisation 
procedure  if  cycle  slips  occur  during  the  period  the 
antenna  is  in  motion.  This  will  involve  ambiguity 
resolution  on-the-fly,  which  is  a  very  difficult  task. 
Based  on  the  analysis  of  ambiguity  resolution 
techniques  such  as:  search  techniques  in  the 
measurement  domain  (orbit  free  techniques);  search 
techniques  in  the  coordinate  domain  (particularly 
suitable  when  good  approximate  initial  coordinates  are 
available),  and;  search  techniques  in  the  estimated 
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ambiguity  domain  using  least  squares  estimation 
(which  makes  use  of  geometric  constraints),  a 
technique  for  ambiguity  recovery  has  been  developed 
which  is  based  on  cycle  slip  detection  and  repair 
procedures. 

The  search  technique  in  the  measurement  domain  used 
to  determine  the  LI  and  L2  whole-cycle  ambiguities 
with  the  aid  of  P-code  pseudorange  data  on  LI  and  L2 
was  first  suggested  by  Hatch  (1986).  However  it  needs 
a  comparatively  long  time  to  resolve  the  ambiguities 
due  to  the  small  wavelengths  of  the  LI  and  L2  carrier 
waves.  Subsequently,  Wiibbena  (1989),  Dong  &  Bock 
(1989),  Blewitt  (1989),  Abidin  &  Wells  (1990)  and 
Goad  (1992)  proposed  the  use  of  P-code  pseudorange 
data  on  LI  and  L2  to  determine  the  integer 
ambiguities  of  the  widelane  observations.  The  main 
advantage  is  that  the  ambiguities  of  widelane 
observations  are  easily  determined  and  largely 
independent  of  the  baseline  length.  But  for  precise 
positioning  the  LI,  L2  or  ionosphere-free  observations 
are  used,  not  widelane  observations,  and  the  integer 
ambiguities  of  other  independent  combined 
observations  should  be  resolved  in  order  to  determine 
the  ambiguities  for  the  LI  and  L2  observations.  The 
extra-widelaning  technique  (Wiibbena,  1989)  uses 
widelane,  narrowlane  and  the  ionospheric  signal  phase 
combinations  to  determine  the  integer  ambiguity  of  the 
widelane  and  narrowlane  observations,  aided  by  P- 
code  pseudoranges  on  LI  and  L2,  for  static 
positioning.  Abidin  &  Wells  (1990)  also  use  this 
technique  for  kinematic  positioning.  Because  the 
ionospheric  effect  dramatically  increases  with 
increasing  baseline  length,  it  is  difficult  to  determine 
the  integer  ambiguities  of  the  narrowlane  carrier  phase 
observation  for  long  baselines.  On  the  other  hand, 
Dong  8l  Bock  (1989),  Blewitt  (1989)  and  Goad  (1992) 
use  this  technique  to  determine  the  integer  ambiguity 
of  the  widelane  carrier  phase  observable  using  dual- 
frequency  precise  pseudorange  data  for  long  static 
baselines  first,  and  then  the  ionosphere-free 
combination  with  LI  ambiguities  and  the  known 
widelane  ambiguity  are  used  to  compute  the 
coordinates  of  the  static  site  and  the  LI  ambiguities.  In 
this  way,  the  ionosphere-free  combination  can  be 
processed  with  free  ambiguity  parameters  and  the  real¬ 
valued  ambiguities  can  be  obtained.  Because  a  bias  of 
10.7cm  in  the  real-valued  ambiguities  will  cause  a  1 
cycle  bias  in  the  LI  ambiguities  (eqn  (13)),  the  second 
step  requires  a  relatively  long  static  observation  period 
to  obtain  high  precision  real-valued  ambiguity 
estimates  (less  than  a  quarter  of  10.7cm).  Hence,  the 
LI  ambiguity  is  not  easy  to  determine  for  the  long 
range  kinematic  positioning  mode.  However,  the 
problem  of  cycle  slip  detection  and  repair  does  not 
involve  "absolute"  ambiguity  determination,  but  rather 
"relative"  ambiguity  determination  in  time.  The 
concern  is  only  with  the  biases  on  phase  observations 


that  change  with  time.  It  is  then  possible  to  carry  out 
cycle  slip  detection  and  repair  using  one-way  data 
within  a  short  period. 

The  search  techniques  in  the  coordinate  domain, 
which  are  particularly  suitable  when  good  approximate 
initial  coordinates  are  available,  mainly  use  the 
Ambiguity  Function  Method  (AFM)  suggested  by 
Counselman  &  Gourevitch  (1981)  and  Remondi 
(1984).  Mader  (1992)  proposed  the  ionospheric 
correction  technique  within  the  AFM  using  a  trial 
suite  of  integers.  Han  (1993)  suggested  an  integrated 
technique  where  the  search  region  for  the  AFM  is 
defined  by  the  predicted  position,  and  uncertainty, 
output  by  the  Kalman  filter  used  for  kinematic  position 
processing.  A  highly  efficient  computation  procedure 
for  the  AFM  using  dual  carrier  phase  observations  was 
described  by  Han  &  Rizos  (1995b).  However,  the 
ionospheric  effect  is  the  main  obstacle  for  long  range 
kinematic  applications,  even  if  the  precise  ephemeris 
can  be  obtained  or  the  orbit  biases  estimated.  If  the 
integer  ambiguities  at  previous  epochs  are  known,  the 
ionospheric  delay  can  be  computed  and  these  biases  at 
the  current  epoch  can  be  predicted  with  high  precision. 
This  means  the  AFM  can  then  be  used  to  detect  and 
remove  cycle  slips  during  a  short  period,  even  for  long 
range  kinematic  applications. 

The  search  technique  in  the  estimated  ambiguity 
domain  using  integer  least  squares  estimation  is  the 
most  important  technique  for  short  range  applications, 
including  kinematic  and  rapid  static  positioning  (Han, 
1995).  Many  practical  searching  procedures  based  on 
integer  least  squares  estimation  have  been  suggested, 
such  as:  Fast  Ambiguity  Resolution  Approach  (FARA) 
(Frei  &  Beutler,  1990);  Cholesky  Decomposition 
method  (Landau  &  Euler,  1992);  Spectral 
Decomposition  method  (Abidin,  1993);  Least  Squares 
Ambiguity  Search  Technique  (Hatch,  1990);  Fast 
Ambiguity  Search  Filter  (FASF)  (Chen,  1993),  and; 
Least-squares  AMBiguity  Decorrelation  Adjustment 
(LAMBDA)  (Teunissen,  1994).  The  main  reason  these 
procedures  are  restricted  to  short  range  applications 
are  the  orbit  bias  and  ionospheric  delay.  For  long 
range  applications,  the  ionosphere-free  combination 
observation  and  the  integer  ambiguity  should  be 
searched  if  widelane  ambiguity  is  fixed.  The  short 
wavelength  will  result  in  a  large  search  region  and  the 
searching  will  be  difficult  for  long  range  applications. 
If  integer  ambiguity  candidates  are  available  from  the 
cycle  slip  repair  procedure,  the  searching  will  become 
easier  and  the  quadratic  form  of  the  residuals  can  still 
be  used  as  the  criteria  for  verifying  that  the  selected 
integer  ambiguity  set  is  significantly  better  than 
others. 

For  long  range  kinematic  applications,  the  preferred 
option  is  to  resolve  cycle  slips  and  recover  integer 
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hence  the  double-differenced  widelane  ambiguity  can 
be  written  as: 


ambiguities  instantaneously,  and  all  of  the 
abovementioned  general  algorithms  will  make  a 
contribution.  In  this  paper,  an  ambiguity  recovery 
procedure  that  integrates  the  contributions  from  these 
three  classes  of  algorithms  is  proposed. 
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GPS  LONG  RANGE  KINEMATIC 
POSITIONING 

The  observation  equations  and  the  ambiguity 
resolution  procedure  for  high  precision  long  range 
static  positioning  were  described  by  Blewitt  (1989), 
Dong  &  Bock  (1989)  and  Goad  (1992),  and  are  based 
on  the  following  equations; 

Ri=P  +  7T  +  %, 

=P-;^  +  N,X, +e<p^  (2) 

R2=P  +  4  +  eR,  (3) 

h 

92^2  =  p  -  ^  +  ^2^2  ^(P2 

^2 

where  Rj  and  R2  are  the  one-way  precise  pseudo¬ 
ranges;  (pi  and  (P2  the  one-way  carrier  phase 

observations  in  unit  of  cycles;  p  is  the  geometric  range 
from  station  to  satellite;  I  is  a  fimction  of  the  Total 
Electron  Content;  f^,  f2  and  X2  are  the 
frequencies  and  wavelengths  of  the  LI  and  L2  carrier 
waves  respectively;  and  N2  are  the  integer  cycle 
ambiguities  of  the  LI  and  L2  carrier  phase 
observations;  and  s  is  the  observation  noise  with 
respect  to  the  observation  type  indicated  by  its 
subscript.  The  carrier  phase  combination  (i,  j)  can  be 
represented  as  (Han  &  Rizos,  1995a): 

9i.j  =i-(Pi +j-92  (5) 

and  its  integer  ambiguity  and  wavelength  can  be 
represented  as: 

N,-i.N,+j.N2  (6) 

Xjj  =c/(i-fi+j-f2)  (7) 

where  c  in  eqn  (7)  is  the  speed  of  light  in  a  vacuum. 
Based  on  eqns  (1-4),  the  real-valued  ambiguity  (Nj  j ) 

estimation  formula  for  a  carrier  phase  combination 
cpi  j  can  be  written  as: 

‘’J  2329  a,  '  2329  aj 


For  static  data,  AVN,  _,  can  generally  be  determined 
using  a  few  tens  of  minutes  of  data. 

The  double-differenced  ionosphere-free  combination 
observation  can  be  represented  by  the  formula: 

^^977,-60^77,-60  “  ^"^77,-60^77,-60 

(10) 

Because  the  wavelength  of  the  ionosphere-free 
combination  is  very  small  (0.63cm),  AVN 77  will  be 
very  difficult  to  determine.  However,  after  the 
widelane  ambiguities  AVN|  _j  are  fixed,  AVN 77 .50 

can  be  represented  as: 

AVN72  _6o  =  ■  AVN,  _,  +  ■  AVNi,j  (1 1) 

1+J  ’  1+J 

and  then  substituting  in  eqn  (10),  the  following  form 
of  the  observation  equation  can  be  obtained: 

AV(p77  _6o^77,-60  ^  +  *^77,-6o)“*' 

+AVN,__, (  ■’  •  hi.-eo )  +  (12) 

The  third  term  of  the  right  side  is  therefore  a  known 
quantity.  The  search  techniques  in  the  estimated 
ambiguity  domain  can  be  used  to  resolve  AVN, The 

larger  the  coefficient  of  AVN,  j,  the  smaller  the  search 
region  for  AVN, The  maximum  value  is  obtained 
when  i+j=l,  hence  AVN, j  can  be  represented  by 
AVN,,  AVN 2  or  other  combinations  which  satisfy  the 
condition  i+j=l,  and  the  same  search  region  will 
result.  In  the  suggested  procedure  the  least  squares 
ambiguity  decorrelation  adjustment  procedure 
(LAMBDA)  is  used,  and  AVN,  is  used.  Therefore, 
eqn  (12)  can  be  simply  expressed  as: 

AV(p77__go^77,-60  =  AVp  +  AVN,  •(17X,77__gQ)  + 

+AVN,__,  •(60A,77_go)  +  8^y^^  _^^^^  _^  (13) 

Comparing  this  equation  with  the  LI  double- 
differenced  phase  observation  equation,  the 
wavelength  of  AVN,  in  equation  (13)  is  equivalent  to 
10.7cm  (17X.77_6q  =  10.7cm).  On  the  other  hand,  the 
orbit  bias  will  affect  the  ambiguity  determination  and 
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though  this  can  be  neglected  in  the  short  range 
positioning  mode  (due  to  the  differential  processing), 
the  precise  ephemeris  is  used  for  long  baselines.  The 
effect  of  the  orbit  bias  on  the  AVp  can  be 
approximated  as: 

dAVN,  = - - — =r[AX-(dX'-dXJ)  + 

77,-60  P 

+AY-(dY‘-dYj)  +  AZ-(dZ‘ -dZj)]  (14) 


delay  can  be  computed  using  the  following  relation,  if 
the  integer  ambiguities  are  known: 


-5^[(AVcp,  -AVN,)^,  -(AVcp2  -AVN^)^^] 

(16) 


CYCLE  SLIP  DETECTION  AND  REPAIR 
FOR  ONE-WAY  DATA 


where  (aX,  AY,  AZ)  is  the  baseline  vector; 
(dX\  dY‘,  dZ‘)  and  (dX^,  dY^,  dZ^)  are  the 

orbit  biases  for  the  three  components  for  satellites  i 
and  j;  p  («20, 000km)  is  the  mean  value  of  the 
distances  from  receivers  to  satellites.  If  we  assume  the 
orbit  biases  at  the  three  components  are  the  same  and 
are  random  for  different  satellites,  the  effect  of  an  orbit 
bias  on  AVNj  can  be  approximated  by: 


Cycle  slip  detection  and  repair  for  one-way  data  was 
first  suggested  by  Blewitt  (1990)  for  static 
environment.  Han  &  Rizos  (1995a)  proposed  the 
widelane  and  (p_jg  combinations  for  detection  and 

repair  of  cycle  slips  for  the  kinematic  positioning 
mode.  After  briefly  describing  the  procedure  (ibid, 
1995a),  the  validation  and  rejection  criteria  are 
discussed. 


iHavn,  =777 - z:-D-ms  (15) 

5lA.77„goP 

where  D  is  the  baseline  length;  is  the  standard 
deviation  of  the  satellite  orbit  information  and 

is  the  standard  deviation  of  the  effect  of  the  orbit  bias 
on  the  AVNj.  If  we  assume  that  <0.25  cycle, 

the  maximum  length  of  the  baseline  for  different  orbit 
biases  are  given  in  Table  1. 


Table  1.  Maximum  Length  of  Baseline 
for  Different  Orbit  Biases 


Orbit  Bias 
(m) 

0.2 

0.5 

1.0 

2.0 

5.0 

10.0 

Maximal 
Length  (km) 

3280 

1312 

656 

328 

131 

66 

If  the  distance  from  the  fixed  receiver  to  the  roving 
receiver  is  less  than  15km,  any  fast  ambiguity 
resolution  technique  for  static  positioning,  or 
ambiguity  resolution  on-the-fly  technique,  can  be  used 
to  obtain  the  initial  integer  ambiguities. 

After  determination  of  the  initial  ambiguities 
AVN77_6o  from  AVNj_i  and  AVNj,  double- 

differenced  ionosphere-free  combination  observations 
(eqn  (10))  can  be  used  for  the  subsequent  GPS  long 
range  kinematic  positioning  within  a  Kalman  filter 
algorithm.  Colombo  et  al  (1995)  present  decimetre- 
level  accuracies  for  DGPS  kinematic  positioning  over 
distances  greater  than  1000km.  The  obstacle  to 
practical  applications  is  to  recover  the  integer 
ambiguities  if  cycle  slips  do  occur  while  the  antenna  is 
in  motion.  In  order  to  detect  and  repair  a  cycle  slip  in 
subsequent  epochs,  the  double-differenced  ionospheric 


1.  Real-valued  Cycle  Slip  Estimations 

Eqn  (8)  is  suitable  for  the  computation  of  the  real¬ 
valued  widelane  ambiguity  at  every  epoch,  but  not 
precise  enough  to  compute  the  ambiguities  for  other 
phase  combinations  (Han  &  Rizos,  1995a).  Therefore, 
the  ionosphere  biased  formula  is  used  instead: 


XT  R  I 

Ni,j  =CPi,j-  — +  Y;^ 

(17) 

where 

Y  =  — ^ - 

(18) 

_  4620 -i-l- 5929 -j 
~  4620- i  + 3600- j 

(19) 

'  \  for  R  =  R, 

p  =  ]  1.647  for  R  =  R2 

(20) 

[1.323  for  R  =  (Ri+R2)/2 


R  in  eqn  (17)  can  be  chosen  as  being  either  R^  or  R^ 
or  the  mean  value  of  Rj  and  R2,  which  minimise  the  P- 
code  pseudorange  noise  (depending  on  the  data 
available).  The  larger  the  wavelength  of  cpjj,  the 

smaller  the  noise  of  j  if  the  ionospheric  delay  can 

be  obtained  with  high  precision.  Therefore,  widelane 
and  (p_7  9  combinations  are  selected  for  the  detection 
and  repair  cycle  slips. 

The  biases  caused  by  the  ionospheric  delay  have  very 
strong  correlation  between  epochs  and  can  be 
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(24) 


represented  as  a  linear  function  of  time  for  short 
periods  of  up  to  a  few  minutes.  If  some  epochs  are 
used  to  fit  a  linear  fimction  of  time  and  to  predict  the 
value  at  the  next  epoch,  the  differences  between  the 
predicted  value  Nj^„i(k)  (or  Nl7  9(k))  using  previous 
epochs  and  the  computed  value  Nj_j(k)  (or 
N_7  9  (k) ),  using  observations  at  this  epoch  in  eqns  (8) 
and  (17),  can  be  obtained: 

DN,_i(k)  =  Ni_j(k)-Nr,_,(k)  (21) 

DN.7,9  (k)  =  N_7,9  (k)  -  N:7,9  (k)  (22) 

The  standard  deviations  of  DNj  (k)  and  DN„7  9  (k) 
can  also  be  obtained.  If  no  cycle  slip  or  multipath 
effect  is  present,  the  noises  of  DNi_j(k)  and 

DN_7  9(k)  are  dependent  on  the  correlations  of  the 
ionospheric  delay  and  the  noise  of  the  observations.  If 
the  ionospheric  delay  changes  rapidly,  the  noises  will 
be  larger.  Figures  4,  5,  6,  8  and  9  illustrate  their  noise 
level. 

2.  Determination  of  the  Integer 
Cycle  Slip  Candidates 

Based  on  the  cycle  slip  estimates  (eqns  (21)  and  (22)) 
and  their  standard  deviations,  all  candidates  for 
integer  cycle  slips  on  (pj  _j  and  9.79,  can  be  formed 
using  the  odd-even  relationship. 

Based  on  the  definitions  of  Nj_j  and  N_7  9,  the 
following  relation  must  hold: 

ifNj  „jiseven  N_7  9  has  to  be  even 

ifNj  .jisodd  N_7  9  has  to  be  odd 

This  odd-even  relation  implies  that  when  one  of  these 
is  resolved,  the  effective  wavelength  of  the  other  is 
doubled,  and  can  therefore  be  resolved  more  easily. 
The  cycle  slips  CSj  and  CS_7  9  are  subject  to  the 
same  relations: 

if  CSj  _i  is  even  — >  CS_7  9  has  to  be  even 

if  CSj  _j  is  odd  CS_7  9  has  to  be  odd 

Obviously  it  is  easy  to  determine  CSj  _j  when  CS_7  9 
is  determined  and  vice  versa.  The  cycle  slips  on  cpj 
and  (p2  then  be  determined  using  the  following 
relations: 

CS,-i(CS_,_5+9.CS,,_,)  (23) 


CSj  =|(CS_7_9+7.CS,,_,) 

For  a  static  receiver,  this  step  can  detect  and  repair 
almost  all  cycle  slips  due  to  the  low  noise.  But  for  a 
roving  receiver,  especially  where  the  satellite  elevation 

is  relatively  low(<  40^)  or  when  a  few  tens  of  seconds 
data  gap  exist,  the  cycle  slip  cannot  be  determined  as 
one  unique  set.  Therefore,  many  cycle  slip  candidate 
sets  will  be  formed.  The  following  tests  will  be 
necessary. 

3*  Validation  Criteria  for  Decision 

If  the  cycle  slip  in  one-way  carrier  phase  cannot  be 
determined  as  one  set  using  the  above  procedure,  the 
geometric  constraints  and  Kalman  filter  prediction 
information  should  be  used  to  create  validation  and 
rejection  criteria  in  order  to  resolve  the  correct  set  of 
cycle  slips.  Using  eqns  (21)  and  (22),  the  real-valued 
cycle  slip  estimates  and  their  standard  deviations  can 
be  computed.  The  search  regions  for  DNj  _i  and 

DN_7  9  can  be  formed  in  the  one-way  case  and  then  to 

create  the  search  region  for  the  double-differenced 
observable.  The  satellite  with  the  highest  elevation  is 
selected  as  the  reference  satellite.  For  each  double- 
differenced  cycle  slips,  the  following  tests  should  be 
applied: 

Test  1:  Tests  on  the  innovation  sequences  of 
AVcpi  _j  and  AV(p_7  9 

The  ionospheric  delay  value  for  each  double- 
differenced  observable  can  be  predicted  using  the 
ionospheric  delay  values  computed  at  the  previous 
epochs  (eqn  (16)),  and  the  ionosphere-corrected 
observable  of  AV^j  and  AV9_7  9  can  be  obtained. 

The  innovation  values  can  be  computed  using  the 
following  equations: 

AVL|.,  =(AV9i_i  -AVCSi_j)Xi_i  -HX(-)  (25) 

AVL_7  9  =  (AV(P_7  9  -  AVCS_7^9)X_7^9  -HX(™)  (26) 

If  AVL,  _,  ~N(0,D,  _, +HP(-)H'^)  or  AVL_79~ 
N(0,D_7  9+HP(-)H'^),  AVCS,__,  or  AVCS.79  will 
pass  the  tests,  otherwise  AVCSi_,  or  AVCS_79 
should  be  rejected.  X(-)  and  P(-)  are  the  Kalman 
predicted  position  and  its  variance  matrix;  H  is  the 
design  matrix  in  the  Kalman  filter;  D|  _,and  0.79 

are  the  variances  of  AVcp,  and  A\i^p_79  . 
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Test  2:  Test  on  the  quadratic  form  of  the  residuals  of 
AV9,__, 

Using  the  ionosphere-corrected  double-differenced 
widelane  observable  and  the  Kalman  filter  predicted 
position,  the  update  position  and  the  quadratic  form  of 
the  residuals  (QF,  _,)i  with  respect  to  a  cycle  slip 

candidate  set  i  can  be  computed.  The  following  test 
should  then  be  applied: 

(QF,,_,)_  =  +5X;^_,p-'(-)5X,,_,  (27) 


(QF,.-i)i 

(QFl,-l  )min 


;l-a 


(28) 


where  V^.iis  the  residual  vector  of  the  widelane 
observable  at  this  epoch;  5Xj  is  the  correction  of 
X(-)  using  the  widelane  observable;  the 

Fisher  percentile  for  degrees  of  freedom  m  and  m  and 
confidence  level  1  -  a ;  m  is  the  number  of  double- 
dUBferenced  observations.  If  a  cycle  slip  candidate  set 
does  not  pass  the  test  (eqn(28)),  this  set  should  be 
rejected. 

Test  3:  Contrast  tests  on  quadratic  form  of 
the  residuals  of 


Using  all  cycle  slip  candidate  sets  that  have  passed  the 
previous  tests,  the  cycle  slip  candidates  of  the 
ionosphere-free  observable  can  be  formed.  Table  2 
gives  an  example  in  which  AVN^  _j  and  AVN_7  9  are 

[-2,2],  and  all  possible  candidate  sets  are  formed  for 
the  ionosphere-free  observable.  The  minimum 
discrepancy  among  these  candidates  is  10.7cm.  Fixing 
one  set  of  cycle  slips,  the  current  epoch  data  should  be 
used  within  the  Kalman  filter  and  the  quadratic  form 
of  the  residuals  QF77  _6o  should  be  computed  for  each 

set  of  cycle  slips.  If  the  smallest  (QF77  _6o)min 
(QF77  _6o)i  with  respect  to  a  cycle  slip  candidate  set  i 
are  not  consistent  with  the  relation: 


(Q^77,-6o)i  ^  e 

(QF77,-60)mu. 


(29) 


the  cycle  slip  candidate  set  i  should  be  rejected, 
is  the  Fisher  percentile  for  degrees  of  freedom 

f  and  f  and  confidence  level  1-a  ;  f  is  the  number  of 
double-differenced  observations.  If  only  the  current 
epoch  data  are  used,  f=m.  If  all  other  sets,  except  the 
one  that  has  the  smallest  (QF77  _6o)mm  ^  rejected, 

the  cycle  slip  set  derived  (QF77  _6o)mm  is  selected  as 
the  correct  cycle  slip  value.  Otherwise  all  cycle  slip 


sets  that  have  passed  the  test  (eqn  (29))  should  be 
treated  as  candidates  for  the  next  epoch. 


Table  2.  Biases  of  Different  Candidates  on 
_ Double-Differenced  Ranges _ 


AVN,., 

(cy) 

AVN  _‘7  9 

(cy) 

AVN, 

(cy) 

AVNi 

(cy) 

AVN 77  _5o  ■  ^77,-60 
(■") _ 

-2 

-2 

-10 

-8 

-1.827 

0 

-9 

-7 

-1.720 

+2 

-8 

-6 

-1.613 

-1 

-1 

-5 

-4 

-0.913 

+1 

-4 

-3 

-0.806 

0 

-2 

-1 

-1 

-0.107 

0 

0 

0 

0 

2 

+1 

+1 

0.107 

+1 

-1 

+4 

+3 

0.806 

+1 

+5 

+4 

0.913 

+2 

-2 

+8 

+6 

1.613 

0 

+9 

+7 

1.720 

+2 

+10 

+8 

1.827 

CYCLE  SLIP  DETECTION  AND  REPAIR 
USING  THE  AMBIGUITY  FUNCTION 
METHOD  WITH  CONSTRAINTS 

If  there  are  more  than  four  double-differences  for  LI 
and  L2  carrier  phase  and  precise  pseudorange,  the 
above  procedure  will  be  very  powerful.  But  precise 
pseudorange  data  are  not  always  available.  Many  GPS 
receivers  do  not  output  precise  pseudorange  data  when 
A/S  is  on,  including  the  Trimble  4000SSE,  Leica 
System  200,  and  others.  Although  some  receivers, 
such  as  the  Ashtech  ZI2  and  the  new  Leica  System 
300,  output  two  precise  pseudoranges  on  LI  and  L2, 
the  signal-to-noise  ratio  is  relatively  low,  and  the 
precise  pseudoranges  are  often  not  available  even 
when  LI  and  L2  carrier  tracking  are  maintained.  If 
precise  pseudorange  data  are  lost  for  a  relatively  long 
period,  cycle  slip  detection  and  repair  using  the 
abovementioned  procedure  will  become  difficult.  If  the 
carrier  phase  observable  is  maintained,  but  no  precise 
pseudorange  data  is  available,  the  cycle  slip  detection 
and  repair  step  can  be  performed  using  a  combination 
of  the  Ambiguity  Function  Method  (AFM)  and 
Kalman  filtering.  Details  are  presented  below. 


1.  Ambiguity  Function  Method  (AFM)  for 
Long  Range  Kinematic  Positioning 

The  Ambiguity  Function  Method  is  insensitive  to 
integer  biases  such  as  cycle  slips,  and  hence  quite 
suitable  for  kinematic  positioning  applications.  The 
equivalence  of  AFM  and  least-squares  search  methods 
has  been  proved  (Lachapelle  et  al,  1992;  Han,  1993). 
The  AFM  requires  good  initial  positioning  in  order  to 
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define  the  search  region  and  a  relatively  long 
wavelength  carrier  phase  observation  (formed  from 
combinations  of  dual  frequency  phase  observations),  in 
order  to  reduce  the  maxima  points  and  the 
computation  time  (Han  &  Rizos,  1995b).  The 
ionospheric  effect  is  the  main  obstacle  for  its 
application  in  the  long  range  kinematic  case,  even 
when  the  precise  ephemeris  is  available.  If  the  AFM  is 
not  used  for  positioning,  but  rather  for  cycle  slip 
detection  and  repair,  the  ionospheric  delay  can  be 
computed  at  the  previous  epochs  (eqn  (16))  using  dual 
frequency  carrier  phase  observations  and  the  known 
integer  ambiguities.  The  ionospheric  delay  at  the 
current  epoch  can  be  predicted  with  high  precision  if 
the  prediction  period  is  no  more  than  a  few  minutes. 


After  integer  ambiguities  are  initialised,  Kalman  filter 
processing  will  be  used  to  determine  the  position  using 
the  double-differenced  carrier  phase  observations.  The 
current  version  of  the  software  considers  the  orbit  as 
known.  The  ionospheric  delay  can  be  computed  by  eqn 
(16).  For  the  next  epoch  the  ionospheric  delay  can  be 
predicted  and  the  ionosphere-corrected  carrier  phase 
combination  observations  of  AVcpj  and  AV9_3  4  at 

the  current  epoch  k  can  be  used  to  compute  the 
Ambiguity  Function  value: 


A(X): 


nik 


f 


1  • 


In 


\ 


27iAV(p^(k)-^AVp^(X,k) 


(30) 


where  X  is  the  trial  position  within  the  search  region 
defined  by  the  Kalman  predicted  position  X(-)  and  its 
variance  P(-);  AVp®(X,k)  is  the  computed  double- 

differenced  range  for  the  double-differenced  observ¬ 
ation  pair  s  at  epoch  k  using  the  trial  position  X;  mj^ 

is  the  number  of  double-differenced  observations  at 
epoch  k.  When  A(X)  is  larger  than  the  95%  of  its 
expectation  value,  X  will  be  considered  to  be  a 
maxima  point.  If  only  one  maxima  point  is  obtained, 
this  point  is  assumed  to  be  the  optimal  position. 


First,  the  AFM  should  be  performed  using  the  double- 
differenced  observation  AV9_3  4  and  the  maxima 

positions  obtained.  The  new  search  region  should  be 
centred  at  each  maxima  position  and  the  AFM  should 
be  performed  using  AV^j  ,  and  then  a  set  of  cycle 

slip  candidates  can  be  obtained  for  each  maxima 
position.  The  minimum  distance  among  the  maxima 
points  is  about  twice  the  observation  wavelength 
(A,_3  4  =  1.628m)  for  six  visible  satellites,  and  about 

1.2  times  the  observation  wavelength  in  the  case  of 
five  satellites  (Han  &  Rizos,  1995b). 


If  only  LI  carrier  phase  is  available,  the  AFM  can  be 
performed  using  the  LI  carrier  phase  observations. 


Because  the  wavelength  is  only  0.190m,  the  number  of 
maxima  points  will  be  greater  than  the  dual  frequency 
case. 


2,  AFM  with  Constraints 

Using  the  AFM,  only  fractions  of  the  carrier  phase 
observables  are  used,  and  hence  the  data  processing  is 
easily  implemented.  However,  there  is  still  other 
information  valuable  to  positioning,  such  as  the 
integer  ambiguity  values,  not  used.  If  two  or  three 
satellites  are  still  tracking  with  no  cycle  slips,  or  cycle 
slips  that  can  be  repaired  using  their  precise 
pseudoranges,  their  integer  ambiguities  can  be  used  as 
constraints  in  the  Ambiguity  Function  Method 
described  above. 


Assume  the  double-differenced  observation  s  has 
known  ambiguities  ( AVN  •  j )  and  has  been  corrected. 
The  constraint  can  be  written  as  follows: 


AV^)^(k  +  l)- AVN^j  AVp^(X,k+l)| 


<EPS  (31) 


where  EPS  is  a  threshold  value  dependent  on  the 
observation  accuracies,  normally  selected  as  three 
times  the  standard  deviation  of  the  observation.  This 
constraint  will  make  the  search  space  reduce  from 
three  to  two  dimensions.  If  three  satellites  have  no 
cycle  slips,  two  constraints  can  be  constructed  and  the 
search  space  will  be  reduced  to  one  dimension.  Figure 
1  shows  the  search  space  reduced  from  two  dimensions 
to  one  dimension.  The  maxima  points  will  be  reduced 
from  68  to  4. 


Figure  1.  Maxima  Points  Reduced  from 
Two  Dimensions  to  One  Dimension 


3,  Validation  Criteria  for  ATM  in  Long  Range 
Applications 
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Using  all  cycle  slip  candidate  sets,  the  ionosphere-free 
observable  can  be  formed  and  the  current  epoch  data 


used  in  the  Kalman  filter.  The  quadratic  form  of  the 
residuals  QF77  .go  should  be  computed  for  each  set  of 

cycle  slips.  The  same  test  with  eqn  (29)  should  be 
performed.  If  all  sets  except  the  one  that  has  the 
smallest  (QF77,_6o)mm  are  rejected,  then  the  identified 

cycle  slip  set  is  selected  as  being  the  correct  one. 
Otherwise  all  cycle  slip  sets  that  passed  the  test  (eqn 
(29))  should  be  treated  as  candidates  for  the  next 
epoch. 

AMBIGUITY  RECOVERY  PROCEDURES 

All  data  lost  at  certain  epochs  will  cause  gaps.  This 
will  occur  if  all  satellite  signals  are  obstructed  or  a 
failure  in  the  receiver  software  occurs.  Normally,  the 
best  observation  environment  will  be  selected  for  long 
range  kinematic  positioning,  and  hence  data  gaps 
seldom  occur  and  are  usually  only  of  short  duration. 
The  most  frequent  causes  of  data  loss  are  due  to 
obstructions  of  the  signal,  or  a  low  signal-to-noise 
ratio  caused  by  bad  ionospheric  conditions,  multipath, 
high  receiver  dynamics,  or  low  satellite  elevation. 
Except  for  the  data  gap,  the  data  available  at  an  epoch 
can  be  divided  according  to  the  three  cases  in  Table  3. 


Table  3.  Cases  of  Data  Loss 


Data  Available 

Case  I 

C/A,  cp, ,  cp2  >  PI’  or/and  P2 

Case  II 

C/A,  (pi ,  (p2 

Case  III 

C/A,  cpi 

Case  I:  If  four  or  more  satellites  have  Case  I  data,  it  is 
considered  that  no  data  loss  has  occurred  because  one 
precise  pseudorange  is  enough  to  detect  and  repair 
cycle  slips  after  a  short  data  gap  using  the  one-way 
cycle  slip  detection  and  repair  procedure. 

Case  II:  If  less  than  four  satellites  have  Case  I  data, 
but  more  than  four  satellites  have  Case  II  data,  the 
Kalman  filter  &  AFM  procedure  for  detection  and 
repair  of  cycle  slips  can  be  used.  If  two  or  three 
satellites  have  precise  pseudoranges  which  can  be  used 
to  determine  any  cycle  slips,  the  AFM  with  constraints 
procedure  can  be  implemented,  cpi  _i  and  9.34  will 

be  used  in  this  procedure.  If  the  biases  in  the 
observations  and  the  vehicle  trajectory  can  be 
predicted  with  high  precision,  this  procedure  will  be 
very  powerful. 

Case  ni:  If  four  or  less  satellites  have  Case  II  data, 
but  more  than  four  satellites  have  Case  III  data,  the 
Kalman  filter  &  AFM  with  constraints  procedure  can 
be  used  for  the  single  frequency  case,  but  the  maxima 
points  will  be  more  numerous  than  for  the  dual 
frequency  case  due  to  its  short  wavelength  (0.190m). 


Based  on  the  above  discussions,  the  ambiguity 
recoveiy  procedure  can  be  summarized  in  Figure  2. 
After  Test  3,  if  more  than  one  candidate  set  is  left,  the 
current  software  deletes  this  epoch  and  then  processes 
the  next  epoch.  From  data  processing  experience,  this 
normally  is  caused  by  multipath  and  having  less  than 
four  precise  pseudoranges  available  (Case  II  or  III). 

The  one-way  cycle  slip  detection  and  repair  procedure 
can  also  be  used  in  the  ambiguity  initialisation  step. 
The  cleaned  data  will  then  be  used  in  the  initialisation 
procedure. 


Figure  2.  Cycle  Slip  Detection  and  Repair  Procedure 
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EXPERIMENTS 
1.  Aircraft  Experiment 

This  experiment  was  carried  out  on  June  4,  1992, 
using  Trimble  4000SST  GPS  receivers  capable  of 
measuring  a  single  P-code  pseudorange  on  L2  (R2). 
The  precise  ephemeris  is  available  from  IGS  service. 
One  receiver  was  mounted  on  a  plane  and  the  other 
was  fixed  at  a  site  about  57.5  metres  from  the  initial 
aircraft  location.  After  4-5  minutes  static  tracking  the 
aircraft  took  off  and  its  trajectory  and  height  are 
plotted  in  Figures  3a  and  3b.  Eqn  (17)  is  used  to 
compute  Ni  _i(k)  and  N_7  9(k),  and  then  to  predict 

N;;_i(k)  and  N:7  9(k)  using  the  previous  several 
epochs  (ten  epochs  are  chosen  here).  The  differences 
between  the  predicted  value  and  the  computed  value 
using  real  P-code  pseudorange  data  on  L2  and  dual 
frequency  carrier  phase  observations  are  plotted  in 
Figures  4a  and  4b  for  the  aircraft  receiver,  and  Figures 
5a  and  5b  for  the  stationary  receiver.  For  the  roving 
receiver  (Figures  4a  &  4b),  it  can  be  seen  that  the 
noise  of  DN_7  9(k)  is  less  than  0.25  cycles  and 
CS_7  9  (k)  normally  has  one  candidate  set.  If  the  noise 
of  DNi_^(k)  is  larger  than  0.5  cycles,  CSj_j(k) 
normally  has  more  than  one  candidate  set.  The  odd- 
even  relationship  will  be  very  powerful  for  reducing 
the  cycle  slip  candidate  sets.  For  the  stationary 
receiver  (Figures  5a  &  5b),  the  noise  of  DN„7  9(k) 
and  DN|_i(k)  is  small  enough  to  determine  cycle 
slips.  The  elevation  of  this  satellite  (PRN  23)  is  plotted 
in  Figure  5a.  It  can  be  seen  that  the  lower  the 
elevation,  the  higher  the  noise  of  DN|_|  (k).  Based  on 
the  cycle  slip  candidates  in  the  one-way  data,  the 
double-differenced  cycle  slips  can  be  formed  and  Test 
1  and  Test  2  then  applied  using  the  Kalman  filter 
predicted  position  and  the  predicted  ionospheric  delay 
value.  After  Test  3  is  applied,  only  one  cycle  slip 
candidate  set  is  left  at  each  epoch  for  this  experiment. 


East  (km)  Relative  to  Fixed  Rcvr 

Figure  3a.  Aircraft  Trajectory  Relative  to  Fixed  Rcvr 


Figure  3b.  Aircraft  Height  Relative  to  Fixed  Rcvr 


(b)  Epoch  (1  second  data  rate) 


Figure  4.  Real-valued  Cycle  Slip  Estimates 
(DN,  _,  (a)  and  DN_7  9  (b))  for  Aircraft  Receiver 


Figure  5.  Real-valued  Cycle  Slip  Estimates 
( DN|  (a)  and  DN_7 ,  (b))  for  Fixed  Receiver 


In  order  to  test  the  power  of  this  procedure,  a  60 
second  data  gap  after  epoch  k  is  simulated.  The 
predicted  Ni~_i(k+60)  and  Nl7  9(k+60)  using  60 
epoch  data  before  epoch  k  can  be  obtained.  The 
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computed  real-valued  cycle  slips  DNj_j(k  +  60)  and 
DN_7  9(k  +  60)  at  each  epoch  are  plotted  in  Figures 
6a  and  6b.  It  can  be  seen  that  the  noise  of  DNj.j  (k) 
does  not  change  much,  but  the  noise  of  DN.^  9  (k)  has 

increased  significantly.  The  cycle  slip  detection  and 
repair  procedure  can  successfully  determine  one  cycle 
slip  candidate  set.  A  5  minute  data  gap  simulation  was 
then  selected,  but  the  data  processing  was  not 
successful. 


2  I - 1 - , - , - , - 1 - , - 1 - , - r 


1000  2000  3000  4000  5000  6000  7000  8000  9000  10000 
(3)  Epoch  (1  minute  of  data  gap) 


Figure  6.  Real-valued  Cycle  Slip  Estimates 
(DNi  _|  (a)  and  DN_7  9  (b))  for  Aircraft  Receiver 

Assuming  1  Minute  of  Data  Gap 


The  KF  &  AFM  procedure  neglecting  P2  pseudorange 
is  also  used  to  detect  and  repair  cycle  slips.  For  1-2 
second  data  interval  observations,  the  Kalman 
predicted  position  bias  is  less  than  2.5  metres  and  the 
cycle  slip  detection  and  repair  process  was  successful. 
For  data  sample  interval  greater  than  2  seconds,  more 
than  one  set  of  cycle  slips  are  left  and  the  process  was 
not  successful. 

The  initialization  is  carried  out  using  the  first  and  last 
5  minutes  of  static  data  (baseline  length  of  the  order  of 
tens  of  metres),  and  the  same  double-differenced 
integer  ambiguities  were  obtained,  hence  furnishing 
proof  that  indeed  there  are  no  cycle  slips  left  in  the 
data. 


2.  Train  Experiment 

This  experiment  was  carried  out  on  October  6,  1994, 
using  the  Ashtech  Z12  GPS  receivers,  capable  of 
measuring  dual  P-code  pseudoranges  when  A/S  is  on. 
The  precise  ephemeris  is  available  from  IGS  service. 
Two  receivers  were  set  up,  separated  by  about  272 
kilometres  at  the  start.  One  was  mounted  on  a  train. 
After  static  tracking,  the  train  receiver  moved  over  a 
period  of  about  50  minutes.  The  trajectory  and  height 
are  plotted  in  Figures  7a  and  7b.  Eqns  (8)  and  (17)  are 


used  to  compute  Ni  _i(k)  and  N_7  9(k)  and  then  to 
predict  Ni;_i(k)  and  N:7  9(k)  using  the  previous 
several  epochs  (ten  epochs  are  chosen  here).  The 
differences  between  Ae  predicted  value  and  the 
computed  value  (DNi_i(k)  and  DN_7  9(k))  are 
plotted  in  Figures  8a  and  8b  for  the  train  receiver.  The 
noise  of  DNi_i  (k)  and  DN_7  9  (k)  is  less  than  about 
0.1  cycles.  This  satellite  (PRN  16)  has  the  lowest 
elevation  of  the  five  satellites  tracked,  and  is  plotted  in 
Figure  8a.  It  can  be  seen  that  cycle  slip  detection  and 
repair  is  very  easy  for  1  second  data  rate  observations 
if  there  is  no  data  gap. 


Figure  7.  Train  Trajectory  (a)  and  Height  (b) 
Relative  to  Fixed  Rcvr 


-0.2' - ' - ^ - ' - ' - ' - ' 

500  1000  1500  2000  2500 

(b)  Epoch  (1  second  data  rate) 

Figure  8.  Real-valued  Cycle  Slip  Estimates 
( DNj  (a)  and  DN_7  9  (b))  for  Train  Receiver 

A  data  gap  of  5  minutes  is  simulated  at  each  epoch, 
similar  to  the  aircraft  experiment,  and  the  real-valued 
cycle  slip  estimates  are  plotted  in  Figures  9a  and  9b. 
The  suggested  procedure  can  successfully  determine 
one  set  of  cycle  slip  values.  The  5  minute  cleaned  data 
are  used  to  predict  and  NI7  9  when  DNj_i 
and  DN_7  9  are  computed. 
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Multipath  effect  will  cause  the  real-valued  cycle  slip 
estimates  to  be  biased.  Figure  10  gives  an  example  of  a 
cycle  slip  diuing  a  short  of  data  gap.  The  problem  is 
that  there  are  multipath  effects  before  and  after  the 
data  gap.  In  this  case,  the  current  software  will  delete 
all  affected  data  which  can  be  identified  by  the  linear 
fitting  procedure. 


Figure  9.  Real-valued  Cycle  Slip  Estimates 
(DN,  (a)  and  DN.y  g  (b))  for  Train  Receiver 

Assuming  5  Minutes  of  Data  Gap 


Figure  10.  Cycle  Slip  Occurred  in  PRN  18  of 
Train  Receiver 


The  KF  &  AFM  procedure  is  also  used  to  detect  and 
repair  cycle  slips.  For  data  with  1-3  second  sample  rate 
selected  from  this  data  set,  the  predicted  position 
biases  are  less  than  about  2.5  metre,  and  the  cycle  slip 
detection  and  repair  is  successful.  For  the  data  with 
larger  interval  than  3  seconds,  more  than  one  set  of 
cycle  slip  candidates  will  remain  and  the  result  is 
therefore  not  successful. 


CONCLUSIONS 

If  precise  pseudorange  data  are  available,  the 
combined  carrier  phase  observations  cp,  and  <p_7  9 


are  very  useful  for  cycle  slip  detection  and  repair  in 
kinematic  data.  The  suggested  procedure  can  repair 
data  gaps  up  to  1-5  minutes  depending  on  the  receiver 
type  and  the  ionosphere  conditions. 

If  dual  frequency,  fiill  wavelength  carrier  phase  is 
available,  but  no  precise  pseudorange  data,  the  KF  & 
AFM  procedure  will  be  powerful  in  detecting  and 
repmring  cycle  slips.  The  length  of  data  gap  can  be 
repaired  depends  on  the  dynamics  and  environment. 
Normally,  if  the  predicted  position  bias  is  less  than 
about  2.5  metres,  the  cycle  slips  can  be  repaired.  For 
GPS  receivers  outputting  precise  pseudorange,  the  KF 
&  AFM  procedure  can  be  used  together  with  the  first 
procedure  in  order  to  detect  and  repair  cycle  slips 
during  any  period  pseudorange  data  loss. 

The  suggested  procedure  needs  ambiguity  initializ¬ 
ation  at  the  beginning  of  a  session.  For  short  receiver 
separations  at  the  beginning  of  a  session,  the 
traditional  ambiguity  resolution  method  for  the  static 
case,  or  ambiguity  resolution  'on-the-fly'  for  the 
kinematic  case  can  be  used.  For  long  receiver 
separations  at  the  beginning  of  a  session,  static 
methods  are  needed  to  initialize  the  ambiguities. 

Multipath  is  the  main  obstacle  to  the  suggested 
procedure.  In  the  current  software,  all  data  seriously 
affected  by  multipath  will  be  deleted. 

This  method  can  be  used  for  real-time  kinematic 
positioning.  After  initializing  at  the  start  of  the 
session,  and  if  there  are  no  data  gaps  longer  than  a  few 
minutes,  the  integer  ambiguities  can  be  resolved 
instantaneously  and  the  roving  receiver  position  can  be 
determined  in  real-time. 
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ABSTRACT 

To  demonstrate  the  feasibility  of  a  sea-based  theater-wide 
ballistic  missile  defense  capability,  the  Navy  Program 
Executive  Office  Theater  Air  Defense  (PEO  TAD),  in 
conjunction  with  the  Ballistic  Missile  Defense 
Organization  (BMDO),  performed  two  flight  tests  of  a 
Lightweight  Exo-Atmospheric  Projectile  (LEAP)  mounted 
on  a  Navy  Standaid  Missile  2  Block  m  Extended  Range 
Terrier  (SM  2  BLK  III  ER).  The  SM  2  BLK  HI  ER  was 
augmented  with  a  third  stage  utilizing  an  integrated 
GPS/Inertial  Navigation  System  (INS)  allowing  increased 
range,  accuracy,  and  exo-atmospheric  control.  The  SM  2 
Flight  Test  Vehicles  (FTV)  were  fired  from  the  USS 
Richmond  K.  Turner  (CG-20)  located  off  the  coast  on  the 
Eastern  Test  Range,  against  target  vehicles  launched  from 
NASA’s  Wallops  Flight  Facility  on  the  Virginia  coast. 

The  Navy  LEAP  mission  posed  a  challenging 
environment,  including  high  vehicle  dynamics,  exo- 
atmospheric  operation,  and  short  mission  duration.  An 
adapted  version  of  the  Hughes  Aircraft  Company’s  GPS 
Aided  Inertial  Navigation  System  (GAINS)  served  as  the 
navigator  for  the  SM  2  third  stage.  The  GAINS  unit 
combines  a  low  cost  strapdown  Inertial  Measurement  Unit 
(IMU)  with  an  embedded  GPS  receiver  module  to  provide 
a  robust,  low  cost  means  of  determining  position, 
velocity,  attitude,  and  time.  The  Navy  LEAP  Standaid 
Missile  flight  tests  have  proven  the  robustness  and 
reliability  of  the  GAINS  unit,  successfully  achieving  the 
system  requirements  in  the  high  dynamic  and  high  altitude 
environment.  This  paper  summarizes  the  design 
considerations  and  flight  test  results,  highlighting  the 
advantages  of  the  low  cost,  high  accuracy  GPS  aided 
inertial  navigation  solution. 

INTRODUCTION 

In  early  1995,  the  Ballistic  Missile  Defense  Organization 
(BMDO)/Navy  Lightweight  Exo-Atmospheric  Projectile 
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(LEAP)  Technology  Demonstration  Program  demonstrated 
the  feasibility  of  deploying  a  LEAP  kinetic  kill  vehicle 
(KKV)  from  a  Navy  ship  to  intercept  a  representative  exo- 
atmospheric  Theater  Ballistic  Missile  (TBM)  target.  The 
LEAP  KKV  was  carried  as  a  payload  on  a  modified  Navy 
Standard  Missile  2  Block  III  Extended  Range  Terrier  which 
was  surface-launched  from  the  guided  missile  cruiser  USS 
Richmond  K.  Turner  (CG-20).  The  Standard  Missile  was 
selected  as  the  launch  vehicle  for  these  flight  tests  because 
of  its  superior  kinematic  capabilities  and  overall 
compatibility  with  existing  Navy  launch  systems.  The 
Standard  Missile  was  modified  by  Hughes  Missile 
Systems  Company  (HMSC)  to  include  a  newly  designed 
third  stage  for  increased  range  and  exo-atmospheric  control 
allowing  accurate  delivery  of  the  KKV  to  the  desired  exo- 
atmospheric  target  acquisition  point. 

Stressing  accuracy  requirements  were  placed  on  the  Third 
Stage  Guidance  System  by  the  KKV  narrow  field-of-view 
(FOV),  KKV  divert  capability,  and  cooperative 
engagement  scenario.  The  GPS  Aided  Inertial  Navigation 
System  (GAINS)  plays  a  critical  role  in  meeting  these 
requirements  by  providing  accurate  navigation 
measurements  to  the  Third  Stage  Guidance  System  and  in 
the  handover  of  the  inertial  state  vector  to  the  KKV  for 
target  acquisition.  The  GAINS  integrates  measurements 
from  a  strapdown  Inertial  Measurement  Unit  (IMU)  to 
maintain  the  navigational  state  of  the  Standard  Missile 
Third  Stage,  including  three  axes  each  of  position, 
velocity,  and  attitude.  The  measurements  from  an 
embedded  GPS  receiver  are  used  to  correct  the  navigation 
state  vector  to  the  desired  accuracy. 

The  navigation  accuracy  provided  by  the  GAINS 
contributed  to  the  probability  of  successful  TBM 
intercept.  In  addition,  the  GAINS  unit  provided  Universal 
Time  Coordinated  (UTC)  reference  time  for  guidance 
calculations  involving  time  tagged  target  state  updates 
collected  by  ground  tracking  stations  and  uplinked  to  the 
Standard  Missile  by  the  launch  ship.  The  GAINS  IMU 
also  provided  measurements  of  linear  acceleration  and 
angular  velocity  to  the  Third  Stage  Attitude  Control 
System  (ACS)  which  maintained  stable  vehicle 
orientation. 

MISSION  OVERVIEW 

The  BMDO/Navy  LEAP  Technology  Demonstration 
Program  included  the  launch  of  four  Standard  Missile 
Flight  Test  Vehicles  (FTV).  The  first  Flight  Test 
Vehicle,  FTV-1,  was  flown  on  24  September  1992, 
demonstrating  high  altitude  missile  control  of  a 
conventional  Standard  Missile  2  Block  III  Extended  Range 


Terrier.  The  second  Flight  Test  Vehicle,  FTV-2,  was 
flown  on  27  September  1993,  demonstrating  the  exo- 
atmospheric  performance  of  the  modified  Standard  Missile, 
including  nosecone  separation  and  KKV  ejection.  The 
third  and  fourth  Flight  Test  Vehicles,  PTV-3  and  FTV-4, 
were  flown  on  4  March  1995  and  28  March  1995, 
respectively,  and  demonstrated  the  feasibility  of  an  exo- 
atmospheric  intercept  of  a  representative  TBM  target. 


Figure  L  Navy  LEAP  Modified  Standard  Missile  On 
USS  R.K.  Turner  Aft  Missile  Launcher 


Figure  2.  FTV-4  Launch  From  USS  R.K,  Turner 
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Figure  3.  Navy  LEAP  FTV-3  And  FTV-4  Mission  Overview 


The  mission  profile  for  the  third  and  fourth  Flight  Test 
Vehicles  is  shown  in  Figure  3.  The  TBM  target  was 
launched  from  NASA's  Wallops  Flight  Facility  located 
on  the  Virginia  coast.  After  detection  of  target  launch  and 
formation  of  the  fire  control  solution,  the  Standard 
Missile  was  launched  from  the  USS  Richmond  K.  Turner 
located  off  the  coast  on  the  Eastern  Test  Range.  The  first 
and  second  stage  operations  were  similar  to  the 
conventional  Standard  Missile  2  Block  III  Extended 
Range  Terrier  on  which  it  was  based.  Upon  reaching  an 
altitude  of  approximately  187,500  feet  the  third  stage  was 
separated  from  the  second  stage  and  initiated  third  stage 
guidance  and  control.  At  an  altitude  of  approximately 
300,000  feet,  the  nosecone  was  ejected  to  expose  the 


KKV.  At  this  time  the  third  stage  rocket  motor  burn 
initiated  and  continued  for  approximately  16  seconds. 
The  third  stage  guided  to  the  desired  exo-atmospheric 
target  acquisition  point  based  on  the  GAINS  navigation 
solution  and  target  state  updates  uplinked  from  the  launch 
ship.  At  approximately  400,000  feet,  the  LEAP  KKV 
inertial  system  was  aligned,  pointed  toward  the  target,  and 
ejected  from  the  third  stage. 

The  successful  operation  of  the  GPS  Aided  Inertial 
Navigation  System  was  demonstrated  in  both  the  FTV-3 
and  FTV-4  missions  with  the  performance  surpassing 
expectations.  Review  of  missile  telemetry  and  KKV 
seeker  video  data  showed  that  the  high  accuracy  GAINS 


navigation  solution  enabled  the  third  stage  to  successfully 
guide  to  the  target  acquisition  point  and  point  the  KKV 
narrow  FOV  sensor  at  the  target. 

DESIGN  OVERVIEW 

The  GAINS  design  selected  for  the  Navy  LEAP  mission 
was  based  on  a  system  which  had  been  previously  proven 
in  various  prior  applications  by  Hughes  Aircraft 
Company.  The  basic  architecture,  along  with  the  core  of 
the  navigation  and  Kalman  filter  algorithms  and  software, 
were  originally  developed  under  a  company  research  and 
development  program  during  1989-1991. 

The  GAINS  prototype  design  was  successfully  flight 
tested  in  December  1990,  during  the  company  llinded 
Advanced  Interdiction  Weapon  System  Pre-Prototype 
Flight  Demonstration  (AIWS-PPFD)  Program.  Hundreds 
of  hours  of  testing  were  accumulated  during  the 
simulation,  laboratory,  van,  and  captive  flight  testing  of 
the  prototype  system  in  preparation  for  the  first  free-flight 
test.  The  AIWS-PPFD  design  and  flight  test  results  were 
presented  at  the  Institute  of  Navigation,  National 
Technical  Meeting  on  January  1992  [1]. 


Figure  4.  Navy  LEAP  GPS  Aided  Inertial  Navigation 
System  (GAINS)  Receiver  Processor  Unit  (RPU)  and 
Inertial  Measurement  Unit  (I MU) 


An  upgraded  AIWS-PPFD  design  was  the  point  of 
departure  for  the  BMDO/Navy  LEAP  Technology 
Demonstration  Program.  The  open  architecture  approach 
utilized  in  GAINS  development  provided  increased 
flexibility,  allowing  rapid  modification  to  meet  the  Navy 
LEAP  mission  requirements. 

The  Ada  software  design  utilizes  modularity  and  data 
structures  to  de-couple  the  algorithms  from  the  specific 
hardware  configuration.  A  major  portion  of  the  Ada 
algorithm  software  was  reused  for  the  Navy  LEAP  GAINS 
application  with  little  or  no  modification. 


The  GAINS  hardware  design  and  packaging  were 
configured  to  meet  the  size,  weight,  power  and 
environmental  requirements  of  the  Standard  Missile  Third 
Stage.  System  elements  were  selected  for  their 
conformance  with  both  the  physical  and  mission-derived 
performance  requirements  and  availability  within  the 
aggressive  program  schedule.  GAINS  exploited  the  use  of 
non-developmental  items  (NDI)  where  appropriate  to 
reduce  cost  and  risk. 

The  Navy  LEAP  GAINS  comprised  of  the  Receiver 
Processor  Unit  (RPU)  and  the  Inertial  Measurement  Unit 
(IMU)  as  shown  in  Figure  4.  The  Receiver  Processor 
Unit  integrated  a  NDI  SEM-E  form-factor  Navigation 
Processor  Board  and  GPS  Receiver  Board  with  the  Hughes 
Interface  Board  in  a  single  chassis.  The  IMU  was  a 
production  Advanced  Medium  Range  Air-to-Air  Missile 
(AMRAAM)  form  factor  IMU. 


GAINS  Test  Display  GPS  Instrumentation  S3CC  SinxiJator 
••80286PC  •80286PC  *  80286  PC 

•  R$422  l/PCard  •  iP  I/F  Card  •  S3CC I/F  Card 


Support  Test  Equipment 

Figure  5,  GAINS  External  Interface  Block  Diagram 

The  RPU  received  inertial  measurement  information  from 
the  strapdown  IMU  mounted  within  the  third  stage  and 
GPS  satellite  RF  signals  from  the  eight  element 
conformal  ring  antenna  surrounding  the  third  stage. 
GAINS  integrated  the  measurements  of  the  IMU  to 
maintain  the  third  stage  position,  velocity,  and  attitude 
navigation  state.  The  measurements  from  the  embedded 
GPS  receiver  were  used  by  the  Kalman  filter  to  estimate 
both  the  initialization  and  in  run  errors  and  generate 
corrections  to  the  navigation  state.  The  corrected 
navigation  state  was  sent  by  the  GAINS  to  the  Stage  3 
Control  Computer  (S3CC)  that  performed  the  third  stage 
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guidance  and  control  functions.  The  GAINS  external 
interface  block  diagram  identifying  external  interfaces, 
including  the  test  equipment  supporting  the  development 
and  integration,  is  shown  in  Figure  5.  The  GAINS 
functional  block  diagram  is  shown  in  Figure  6. 

The  GAINS  corrected  navigation  state  was  required  only 
during  the  third  stage  phase  of  flight,  but  was  computed 
and  sent  to  the  Stage  3  Control  Computer  throughout  the 
entire  Standard  Missile  flyout.  GAINS  operation  during 
the  earlier  phases  of  the  flyout  sequence  provided  added 
error  observability  and  contributed  to  the  overall  GAINS 
performance. 

DESIGN  CONSIDERATIONS 

In  the  course  of  adapting  the  GAINS  design  for  the 
BMDO/Navy  LEAP  Technology  Demonstration  Program, 
special  issues  were  encountered  which  required  careful 
consideration  during  the  design,  integration,  and  test 
phases  of  the  program.  The  conditions  of  the  Navy  LEAP 
mission  were  very  demanding  for  an  integrated  GPS-INS 
system.  Several  of  the  specific  issues  associated  with  the 
operational  environment  are  listed  herein. 


The  Navy  LEAP  Standard  Missile  trajectory  includes  high 
levels  of  jerk  and  acceleration,  some  of  which  exceed  the 
dynamic  range  of  the  embedded  GPS  receiver,  causing  the 
receiver  to  lose  code  and  carrier  track  of  the  GPS  satellites. 
The  missile  acceleration  profile  measured  from  the  FTV-4 
mission  is  shown  in  Figure  7.  The  Earth  Centered  Earth 
Fixed  X,  Y,  and  Z  velocities  measured  from  the  FTV-4 
mission  are  shown  in  Figures  8,  9,  and  10,  respectively. 

As  anticipated,  in  both  the  FTV-3  and  FTV-4  missions 
the  28  G  axial  acceleration  experienced  during  the  Standard 
Missile  First  Stage  rocket  motor  burn  exceeded  the 
tracking  bandwidth  of  the  GPS  receiver,  resulting  in  a 
temporary  GPS  signal  loss.  Inertial  aiding  was  provided 
to  the  embedded  GPS  receiver  to  enable  a  rapid  post¬ 
launch  re-acquisition  time.  In  both  the  FTV-3  and  FTV-4 
missions,  the  code  and  carrier  tracking  of  the  GPS 
satellites  was  re-established  within  17  seconds  from  loss 
of  lock.  In  FTV-4,  the  jerk  levels  in  excess  of  580 
G/second  at  the  second/third  stage  separation  event  resulted 
in  the  loss  of  track  on  two  satellites.  The  code  and  carrier 
track  of  the  two  GPS  satellites  was  re-established  within  9 
seconds  from  loss  of  lock. 
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Figure  7.  FTV-4  Navy  LEAP  Standard  Missile  Body 
Acceleration  History 


Figure  8,  FTV-4  Earth  Centered  Earth  Fixed  X  Velocity 


Figure  9,  FTV-4  Earth  Centered  Earth  Fixed  Y  Velocity 


Figure  10.  FTV-4  Earth  Centered  Earth  Fixed  Z  Velocity 
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Figure  11.  FTV-4  GAINS  Figure  Of  Merit 

A  figure  of  merit  (FOM)  was  computed  by  GAINS  based 
on  the  Kalman  filter  processing  mode  and  GPS  tracking 
state.  The  navigation  solution  is  valid  when  the  figure  of 
merit  is  less  than  fifteen.  A  zero  figure  of  merit  indicates 
that  the  navigation  solution  is  fully  aided  by  the  GPS 
measurements.  The  GAINS  Figure  of  Merit  for  the  FTV- 
4  mission  is  shown  in  Figure  11. 

Multipath 

The  GPS  antenna  designed  for  the  BMDO/Navy  LEAP 
Technology  Demonstration  Program  is  an  eight  element 
conformal  ring  antenna  surrounding  the  third  stage  rocket 
motor.  The  elements  are  summed  to  provide  a  single 
phase  center  to  the  embedded  GPS  receiver.  The  measured 
antenna  gain  patterns  in  the  pitch  and  roll  planes  are 
shown  in  Figures  12  and  13,  respectively. 


368 


Figure  12.  Antenna  Gain  Pattern  In  Pitch  Plane 

The  ring  antenna  design  was  chosen  to  maximize  the 
number  of  visible  satellites  given  the  steep  launch  and 
flight  path  angle  of  the  Navy  LEAP  Standard  Missile. 
The  omni-directional  design,  however,  was  susceptible  to 
GPS  signal  multipath  from  reflected  signals  off  both  the 
launch  ship  and  ocean  surfaces.  Although  the  GPS  signal 
multipath  was  localized  to  the  shipboard  environment  and 
diminished  significantly  subsequent  to  missile  launch, 
this  phenomenon  was  observed  during  shipboard  testing 
and  in  the  pre-launch  timeline  sequence.  The  critical  issue 
was  therefore  to  evaluate  the  net  effect  of  the  pre-launch 
multipath  on  overall  system  performance.  The  two  main 
performance  considerations  were:  (i)  the  quality  of  the 
GPS  measurements  collected  in  the  presence  of  the 
multipath  induced  noise,  and  (ii)  the  number  of  GPS 
measurements  collected  during  pre-launch  to  ensure  the 
convergence  of  the  navigation  Kalman  filter.  Extensive 
shipboard  testing  was  performed  to  characterize  the 
multipath  environment  and  verify  proper  convergence  of 
the  navigation  solution.  Post-flight  analysis  of  missile 
telemetry  data  confirmed  that  the  FTV-3  and  FTV-4  pre¬ 
launch  and  flyout  GPS  satellite  tracking  operations  were 
performed  as  anticipated. 

RF  Interference 

RF  interference  has  always  been  a  concern  for  GPS 
receivers  due  to  the  low  transmitted  signal  strength  from 
the  GPS  satellites,  GPS  receivers  are  typically  equipped 
with  internal  bandpass  filtering,  and  the  antenna  design 


itself  provides  attenuation  to  out-of-band  signals.  Even 
with  these  safeguards,  however,  there  can  be  interference 
from  transmitters  which  operate  close  enough  to  the  GPS 
L-band  frequencies,  or  with  sufficient  power,  to  jam  the 
GPS  satellite  signal.  As  a  result,  an  evaluation  was  made 
of  all  tracking  and  communication  test  equipment  to  be 
employed  in  the  FTV-3  and  FTV-4  flight  tests,  ensuring 
compatibility  with  the  GPS  receiver  operation  during  both 
the  pre-launch  and  flyout  sequences.  In  addition,  the  GPS 
antenna  was  characterized  for  both  in-band  and  out-of-band 
sensitivity.  The  potential  interference  sources  were 
studied  both  theoretically  and  empirically.  The  theoretical 
study  considered  ail  known  transmitter  frequencies  and 
power  levels  including  both  primary  frequencies  and  sub¬ 
harmonics.  In  addition,  several  empirical  tests  were 
conducted  with  representative  flight  hardware  in  the 
shipboard  environment.  The  exhaustive  testing  performed 
did  identify  several  candidates  for  close  scrutiny,  but 
ultimately  showed  GAINS  compatibility  with  the  FTV-3 
and  FTV-4  flight  test  participants. 


Figure  13.  Antenna  Gain  Pattern  In  Roll  Plane 

There  were  no  detectable  indications  that  GPS  satellite 
tracking  was  affected  by  RF  interference  in  either  the 
FTV-3  or  FTV-4  missions.  The  carrier-to-noise  ratios  for 
the  GPS  satellite  signals  tracked  in  both  the  FTV-3  and 
FTV-4  missions  were  above  the  minimum  desired  signal 
strength.  The  carrier-to-noise  ratios  reported  by  the 
embedded  GPS  receiver  during  the  FTV-4  mission  are 
shown  in  Figure  14. 
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Time  Since  Launch,  Seconds 

Figure  14.  FTV-4  Satellite  Carrier-to-Noise  Ratio 

Satellite  Observability 

A  careful  characterization  of  the  GPS  antenna  gain  pattern 
was  performed  to  determine  the  observability  of  GPS 
satellites  for  the  FTV-3  and  FTV-‘4  missions.  A  ring 
antenna,  as  designed  for  the  BMDO/Navy  LEAP 
Technology  Demonstration  Program,  inherently  exhibits 
nulls  in  the  direction  of  the  nose  and  tail  as  shown  in 
Figure  12.  Additionally,  there  are  areas  where  the  gain 
pattern  is  not  uniform  as  shown  in  Figure  13.  A  loss  of 
GPS  satellite  track  due  to  the  antenna  gain  pattern  may 
result  in  poor  geometry  during  the  mission,  potentially 
degrading  the  navigation  accuracy. 

Extensive  hardware-in-the-loop  testing  using  a  GPS 
satellite  signal  simulator  test  station  was  performed  to 
evaluate  GAINS  performance  and  ensure  robustness  in 
Navy  LEAP  mission  [2].  GAINS  sensitivity  to 
constellation  changes  was  evaluated  by  implementing  the 
measured  antenna  gain  pattern  in  the  signal  simulator  test 
station  and  performing  missile  flyouts  with  various  GPS 
satellite  constellations.  Performance  predictions  for  the 
FTV-3  and  FTV-4  missions  were  achieved  by  performing 
flyouts  through  the  anticipated  GPS  satellite 
constellation. 

Post-flight  analysis  of  missile  telemetry  data  confirmed 
that  there  were  no  observed  losses  of  GPS  satellite 
tracking  due  to  antenna  variations  in  either  the  FTV-3  or 
FTV-4  missions. 

Satellite  Selection 

A  companion  issue  to  loss  of  satellite  observability  due  to 
antenna  gain  pattern  is  the  rate  at  which  satellite  selection 
is  performed  by  the  GPS  receiver.  A  conventional  GPS 
receiver  typically  updates  its  satellite  selection  criteria 


over  a  period  of  several  minutes.  This  is  unacceptable  in 
the  high  dynamic  environment  of  Navy  LEAP  mission 
with  its  relatively  short  time  of  flight.  The  embedded 
GPS  receiver  within  the  GAINS  was  modified  to  reduce 
the  satellite  selection  period  to  less  than  1  minute, 
ensuring  a  minimum  of  three  geometry  evaluations 
within  the  Standard  Missile  flyout. 

In  addition  to  satellite  selection,  the  time  to  replace  a  lost 
satellite  with  another  available  satellite  was  evaluated.  A 
conventional  GPS  receiver  typically  replaces  a  lost 
satellite  within  30-60  seconds.  Given  the  high  dynamic 
environment  of  Navy  LEAP  mission,  a  replacement 
period  of  less  than  20  seconds  was  implemented. 
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Figure  15.  FTV-3  Satellite  Tracking 


The  rapid  replacement  modification  to  the  embedded  GPS 
receiver  was  evident  in  the  post-launch  re-acquisition  of 
the  FTV-3  flight  test.  The  GAINS  GPS  receiver 
combined  three  of  the  primary  four  satellites,  PRN  1,5, 
and  17,  with  the  satellite  from  the  station  keeping 
channel,  PRN  23,  to  form  a  valid  GPS  solution  within  17 
seconds  from  the  launch  induced  loss  of  track  as  shown  in 
Figure  15.  After  the  desired  satellite,  PRN  26,  was  re¬ 
acquired,  it  was  re-inserted  into  the  GPS  solution.  This 
logic  provided  insurance  that  a  valid  GPS  solution  would 
be  maintained  if  PRN  26  was  not  re-acquired. 


Navigation  Solution  Shifts 

There  are  several  sources  for  potential  shifts  in  the 
navigation  solution  when  using  GPS  measurements  to  aid 
an  inertial  navigation  system.  The  most  common  cx^curs 
when  the  GPS  receiver  chooses  a  new  satellite 
constellation.  This  results  in  a  shift  in  the  GPS  position 
measurement  bias  that  may  cause  transients  in  the 
navigation  solution.  Fortunately,  these  shifts  are 
observed  primarily  in  the  position  measurements,  which 
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was  not  as  critical  in  the  FTV-3  and  FTV-4  missions  as 
the  velocity  and  attitude  solution. 

Another  potential  problem  results  from  the  G-sensitivity 
of  the  GPS  receiver  oscillator.  The  high  accelerations 
experienced  during  the  Navy  LEAP  Standard  Missile 
trajectory  as  shown  in  Figure  7  may  cause  temporary 
shifts  in  the  clock  frequency.  This  could  result  in  shifts 
to  the  GPS  receiver’s  position  and  velocity  measurements. 
This  effect  was  carefully  studied  during  hardware-in-the- 
loop  testing  using  a  GPS  satellite  signal  simulator  test 
station  and  an  externally  controlled  frequency  reference  to 
simulate  the  oscillator  G-sensitivity. 

The  performance  observed  from  the  FTV-3  and  FTV-4 
missions  was  consistent  with  the  performance  predictions 
generated  during  hardware-in-the-loop  testing. 

SUMMARY 

The  Navy  LEAP  mission  posed  a  challenging 
environment  for  a  GPS  Aided  Inertial  Navigation  System, 
including  high  vehicle  dynamics,  exo-atmospheric 
operation,  and  short  mission  duration.  The  Navy  LEAP 
GAINS  demonstrated  that  a  NDI-based  system,  judiciously 
tailored  in  both  hardware  and  software,  could  provide  a  low 
cost,  high  accuracy  navigation  solution  suited  to  the 
stressing  environment. 

A  major  lesson  learned  in  the  Navy  LEAP  GAINS  effort 
was  the  value  of  the  simulated  dynamic  test  environment. 
The  ability  to  perform  end-to-end  hardware-in-the-loop 
tests  using  simulated  GPS  satellite  RF  signals  with 
coordinated  IMU  digital  data  was  critical  in  ensuring  the 
performance  and  robustness  of  the  GPS  Aided  Inertial 
Navigation  System.  In  addition,  the  evaluation  of  the 
GPS  RF  link  closure  in  the  anticipated  environment  and 


assessment  of  potential  RF  interference  sources  was 
fundamental  in  achieving  mission  success. 

The  application  of  the  GPS  Aided  Inertial  Navigation 
System  to  the  BMDO/Navy  LEAP  Technology 
Demonstration  Program  has  identified  and  addressed 
numerous  issues  involving  the  integration  of  GPS  into  a 
surface  launched  exo-atmospheric  missile.  All  of  these 
issues  were  successfully  resolved  through  the  collective 
efforts  and  experience  of  the  Navy  LEAP  design, 
integration,  and  test  teams,  contributing  to  the  successful 
flyout  of  the  Navy  LEAP  FTV-3  and  FTV-4  Standard 
Missiles. 


ACKNOWLEDGMENTS 

The  Hughes  Aircraft  Company  GPS  Navigation 
Technology  Center  would  like  to  thank  the  Navy  Program 
Executive  Office  Theater  Air  Defense  and  HMSC  Program 
Offices  for  the  opportunity  to  participate  on  the 
BMDO/Navy  LEAP  Technology  Demonstration  Program. 
In  addition,  the  outstanding  engineering  efforts  provided 
by  the  Standard  Missile  integration/test  team  and  the 
Johns  Hopkins  University/Applied  Physics  Laboratory 
independent  verification  team  are  greatly  appreciated. 

REFERENCES 

[1]  K.  Rudolph  and  M.  Youhanaie,  “GPS-Inertial 
Navigation  for  the  Advanced  Interdiction  Weapon 
System  Flight  Demonstration”,  Institute  of 
Navigation,  National  Technical  Meeting,  January 
1992. 

[2]  G.  Stupp  and  D.  Lehnus,  “HIL  Testing  of  the  Navy 
LEAP  GPS/INS  Package”,  Institute  of  Navigation, 
GPS  Technical  Meeting,  September  1995 


371 


Integrated  GPS/iB/SAR/GMTI  Radar 
Precisian  Targeting  Flight  Test  Results 

R.  Guarino  and  Paul  Ibsen 
Westinghouse  Norden  Systems 


BIOGRAPHIES 

Mr.  Guarino  joined  Norden  Systems  in  1969.  He  is 
presently  Manager  -  Radar  Architecture  and  Analysis, 
responsible  for  the  design  and  performance  analysis 
of  advanced  technology  multimode  airborne  radar  and 
weapon  delivery  systems.  During  his  career  at  Norden, 
he  has  been  responsible  for  engineering  design  analy¬ 
sis  for  the  PAVEMOVER  radar,  the  Joint  STARS  ra¬ 
dar,  the  AN/APQ-173  radar  and  the  Multimode  Radar 
System  (AN/APG-76).  Mr.  Guarino  is  the  holder  of 
two  U.S.  Patents  in  radar  design.  He  received  his 
BEE  from  Manhattan  College  and  his  MSEE  and  En¬ 
gineer  degrees  from  New  York  University. 

Paul  Ibsen  is  a  Senior  Systems  Engineer  at 
Westinghouse  Norden  Systems,  Norwalk,  Connecti¬ 
cut.  Mr.  Ibsen  has  worked  in  Synthetic  Aperture  Ra¬ 
dar  (SAR)  motion  compensation  and  antenna  steer¬ 
ing  control  for  1 2  years.  He  is  the  lead  designer  of  the 
navigation  transfer  alignment  and  antenna  control  for 
the  AN/APG-76  multimode  radar  and  does  planning 
and  performance  analysis  of  SAR  precision  targeting 
flight  tests.  He  holds  a  BSEE/BSCS  from  the  Univer¬ 
sity  of  Connecticut,  1982.  Since  1985,  he  also  has 
been  an  instructor  at  Bridgeport  Engineering  Institute. 

ABSTRACT 

This  paper  summarizes  the  results  of  a  series  of  flight 
tests  flown  to  evaluate  the  precision  targeting  perfor¬ 
mance  improvements  obtainable  with  a  modem  tacti¬ 
cal  coherent  airborne  radar  when  operating  with  an 
integrated  Global  Posittoning  System/Inertial  Naviga¬ 
tion  System  (GPS/INS).  The  radar  used  in  these  ex¬ 
periments  was  the  /^N/APG-76  which  has  both  syn¬ 
thetic  aperture  radar  and  ground  moving  target  indi¬ 
cation  (GMTI)  modes.  Performance  was  evaluated 
with  two  integrated  GPS/INS  systems,  a  Honeywell 
H-764G  and  a  Litton  LN-1 OOG  both  of  which  are  state- 
of-the-art  systems.  Each  system  is  implemented  in  a 


tightly  coupled  GPS/INS  configuration  with  P/Y  code 
GPS  receivers.  The  testbed  for  these  flight  tests  was 
a  Gulfstream  II  aircraft  that  was  instrumented  to  record 
all  radar  and  GPS/INS  data. 

Testing  was  done  with  both  fixed  and  moving  targets. 
The  fixed  target  tests  were  performed  using  an  array 
of  surveyed  comer  reflectors;  the  moving  target  tests 
used  a  van  moving  along  the  edge  of  a  runway.  In 
both  cases,  the  test  results  show  that  an  order  of  mag¬ 
nitude  improvement  in  targeting  performance  is  ob¬ 
tained  with  use  of  GPS. 


INTRODUCTION 

The  ability  to  achieve  high  accuracy  weapon  delivery 
from  an  airborne  platform  provides  significant  opera¬ 
tional  benefits.  The  accuracy  with  which  targets  are 
located  is  critical  to  mission  success.  To  achieve  this 
capability  in  all  weather,  the  use  of  radar  is  required. 
High  resolution  SAR  provides  a  means  to  detect  and 
precisely  resolve  targets  but  the  ability  to  measure  tar¬ 
get  location  accurately  has  traditionally  been  limited 
by  Inertial  Navigation  System  errors.  The  advent  of 
the  Global  Positioning  System  tightly  coupled  with  an 
INS  provides  the  capability  of  greatly  improved  accu¬ 
racy.  Several  analytical  precision  targeting  studies 
[1 ,2,3]  have  been  publish^.  GPS/SAR  experiments 
with  short  range  test  systems  are  also  available  [4,5]. 
This  paper  summarizes  test  results  of  an  operational 
long  range  tactical  GPS/INS/SAR/GMTI  system. 

Target  detections  in  a  SAR  Image  provide  targeting 
information  relative  to  the  aircraft.  Range  and  Dop¬ 
pler  histories  of  the  target’s  image  along  with  height 
above  target  (HAT)  data  provide  a  three  dimensional 
position  vector  of  the  target  relative  to  the  aircraft. 
Adding  this  vector  to  the  radar’s  GPS  derived  earth 
centered  position  vector  provides  accurate  absolute 
precision  targeting  in  WGS-84  coordinates. 
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A  GPS/SAR  system  can  provide  this  absoiute  target¬ 
ing  with  a  singie  image  (or  frame).  The  accuracy  is 
limited  by  height  above  target  errors,  velocity/Doppler 
errors,  range,  and  GPS  position  errors  (listed  in  de¬ 
scending  order  of  highest  error  contributors  in  a  typi¬ 
cal  system)  Target  elevation  is  measured  using  the 
elevation  monopulse  aperture  in  the  AN/APG-76  ra¬ 
dar  to  determine  the  HAT. 

A  technique  to  exploit  the  most  accurate  (lowest  error 
contributor)  measurements  can  improve  the  single 
frame  performance.  Multiple  frames  taken  from  dif¬ 
ferent  orientations  can  minimize  HAT  errors  by  using 
range,  Doppler  and  GPS  measurements  only.  Such 
multiple  frame  technique  was  tested  and  evaluated. 
The  description  and  test  results  are  given  in  a  subse¬ 
quent  section. 

The  preceding  techniques  apply  directly  for  stationary 
targets  and  indirectly  for  moving  targets.  For  moving 
targets,  the  Doppler  return  seen  by  the  radar  is  a  func¬ 
tion  of  both  the  spatial  location  and  the  velocity  of  the 
target.  To  separate  out  these  effects  the  target  loca¬ 
tion  is  measured  directly  using  the  azimuth  interfer¬ 
ometer  aperture  of  the  AN/APG-76  radar.  This  mea¬ 
surement  is  then  correlated  with  the  map  data  from 
the  surrounding  terrain  to  develop  the  precise  moving 
target  location. 

SINGLE  FRAME  MEASUREMENT  TECHNIQUE 

The  AN/APG-76  has  the  capability  to  measure  targets 
in  three  dimensions  relative  to  the  aircraft  in  a  single 
frame.  Ten-foot  resolution  SAR  imagery  provides 


range  and  Doppler  measurements.  Height  above  tar¬ 
get  is  provided  by  radar  elevation  angle  measure¬ 
ments.  The  AN/APG-76  coupled  with  a  GPS  aided 
navigation  system  provides  precise  WGS-84  target 
coordinates.  Atmospheric  effects  on  radar  range,  Dop¬ 
pler  and  elevation  measurements  are  compensated 
for  in  this  technique  as  well  as  radome  effects  on  el¬ 
evation. 

Target  range  is  measured  by  round  trip  propagation 
time  of  the  radar  signal  which  isolates  the  detected 
target  to  a  radius  from  the  aircraft  or  on  a  conceptual 
sphere.  The  Doppler  shift  of  the  fixed  target  deter¬ 
mines  the  target’s  angle  relative  to  the  radar  velocity 
vector  which  is  a  locus  that  forms  a  cone.  The  inter¬ 
section  of  these  two  geometric  surfaces  forms  a  circle 
(Figure  1 ).  The  circle  represents  the  ambiguous  loca¬ 
tion  of  the  target  as  determined  by  range  and  Dop¬ 
pler.  The  location  is  further  isolated  to  one  side  of  the 
aircraft  by  the  illumination  pattern  of  the  radar  antenna. 
Elevation  angle  measurements  isolate  the  target  to  a 
point  on  the  circle. 

SAR  Doppler  measurements  are  a  function  of  both 
target  azimuth  and  elevation.  Therefore,  target  alti¬ 
tude  error  produces  a  corresponding  cross  range  er¬ 
ror.  The  altitude  error  induced  cross  range  error  can 
be  eliminated  as  a  factor  in  weapon  delivery  perfor¬ 
mance  if  the  weapon  can  be  commanded  to  follow  the 
SAR  uncertainty  circle  near  the  target's  estimated  po¬ 
sition.  Figure  2  illustrates  this  concept.  The  results 
section  will  specify  circular  error  probable  (CEP)  re¬ 
sults  both  for  this  optimum  weapon  delivery  case  and 
for  the  case  where  the  altitude  errors  are  projected 
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vertically  to  the  ground.  These  are  the  two  common 
ways  to  project  the  three-dimensional  errors  into  a  two 
dimensionai  ground  plane  CEP  error. 

MULTIPLE  SAR  FRAME  MEASUREMENT 
TECHNIQUE 

The  multiple  SAR  frame  technique  (Rgure  3)  uses  two 
or  more  SAR  images  from  known  GPS  positions  to 


provide  improved  target  location  accuracy  for  fixed 
targets.  Between  images  the  aircraft  is  flown  to  change 
the  relative  aircraft-to-target  geometry,  in  particuiarto 
change  the  SAR  image  plane.  The  objective  is  to 
change  the  relationship  of  the  three  components  of 
the  location  error  (range,  Doppler  and  elevation)  be¬ 
tween  measurements.  With  proper  geometry  changes, 
multiple  range  measurements  can  be  used  to  mini¬ 
mize  Doppler  error  and  multiple  Doppler  measure¬ 
ments  can  be  used  to  minimize  target  altitude  error. 

The  maneuver  used  for  this  technique  in  the  flight  test 
experiment  exploits  the  range  and  Doppier  accuracy 
of  the  GPS/SAR  system  to  minimize  attitude  errors 
(refer  to  flight  profiie  section  for  more  detail).  Range 
accuracy  is  exploited  by  measuring  range  to  the  tar¬ 
get  from  two  radar  positions  separated  by  up  to  thirty 
degrees  of  aspect  angle.  This  geometry  allows  a  tri¬ 
angulation  calculation  to  be  employed  to  solve  for  azi¬ 
muth  angle  to  the  target,  which  is  normally  solved  for 
by  Doppler  in  the  single  frame  technique.  The  end  of 
the  maneuver  changes  the  SAR  piane  (contains  line- 
of-sight  vector  and  velocity  vector)  to  near  orthogo¬ 
nality  between  two  frames.  SAR  plane  changes  vary 
the  cross-range  shift  of  the  target  due  to  an  attitude 
error.  This  makes  the  attitude  error  observable  with 
Doppler  measurements. 

The  technique  requires  that  the  operator  designate 
(with  a  cursor)  the  same  target  (or  same  point  on  an 
extended  target)  on  each  of  the  maps.  The  accuracy 
of  the  redesignation  process  affects  targeting  iocation 
accuracy.  Better  SAR  resoiution  improves  the  abiiity 
of  the  operator  to  designate  the  same  target  point  in 


Figure  3.  Multiple  SAR  Frame  Targeting 
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each  map.  These  experiments  used  ten-foot  resolu¬ 
tion  imagery.  Processing  for  this  experiment  was  done 
from  recorded  flight  data  in  a  computer  laboratory  en¬ 
vironment  and  the  display  was  expanded  to  allow  bet¬ 
ter  cursoring. 

TEST  ASSETS 

Testing  was  conducted  using  Norden’s  operational 
SAR/MTI  radar,  the  AN/APG-76,  integrated  with  each 
of  two  tightly  coupled  GPS/INS  navigation  systems,  a 
Honeywell  H764G  and  a  Litton  LN100G.  Norden’s 
fully  instrumented  Gulfstream  aircraft  was  the  testbed 
for  the  system.  The  test  target  was  a  corner  reflector 
surveyed  in  WGS-84  coordinates  to  better  than  1  meter 
accuracy. 

AN/APG-76  is  a  mature,  fielded  multimode,  Ku-band 
surveillance  and  fire  control  radar  designed  for  use  in 
tactical  aircraft.  It  is  a  long  range,  high  power,  coher¬ 
ent  system  utilizing  a  mechanically  scanned  multi-ap¬ 
erture  planar  array  with  low  sidelobes.  Mounted  on 
the  array  is  a  strapdown  inertial  measurement  unit 
(IMU)  that  provides  precise  angle  and  vibration  mea¬ 
surements.  The  system  is  highly  programmable  and 
has  the  capability  to  perform  a  wide  spectrum  of  com¬ 
plex  tasks  that  provide  the  operator  with  the  modes  of 
operation  to  accomplish  a  variety  of  mission  scenarios. 

The  existing,  fielded  modes  of  operation  include;  real 
beam  ground  map,  high  resolution  SAR  ground  map 
(with  and  without  GMTI),  air-to-ground  ranging,  and 
air-to-air  search,  track,  and  air  combat  maneuver.  All 
modes  are  self-calibrating.  The  radar  also  provides 
an  extensive  on-board  built-in-test  (BIT)  and  fault  iso¬ 
lation  test  capability. 

The  radar  provides  a  unique  simultaneous  SAR/GMTI 
mode  in  which  detected  targets  are  displayed  on  the 
SAR  map  as  moving  target  symbols.  The  symbols 
are  accurately  located  at  their  true  azimuth  position 
relative  to  the  map  center  using  the  measured  azi¬ 
muth  interferometer  angle  to  the  target.  The  map  on 
which  the  moving  target  symbol  is  displayed  is  col¬ 
lected  and  processed  simultaneously  with  the  GMTI. 
This  illustrated  in  Rgure  4  which  shows  a  simultaneous 
SAR/GMTI  mode  image  which  was  recorded  in-flight. 

FLIGHT  TEST  PROFILES 

Test  data  for  both  the  single  and  multiple  frame  mea¬ 
surement  techniques  was  collected  on  a  series  of  six 
flights  with  repeat  passes  over  an  established  course 
around  Rentschler  Airfield  in  East  Hartford,  Connecti¬ 
cut.  The  surveyed  corner  reflector  was  located  at 
Rentschler  Airfield.  A  common  radar  hardware/soft- 


Figure  4.  Simultaneous  SAR/GMTI  Image 


ware  configuration  was  maintained  for  all  tests.  The 
aircraft  altitude  during  testing  was  approximately 
25,000  feet  and  the  aircraft  ground  speed  varied  be¬ 
tween  300  and  350  knots  depending  on  headwinds. 

For  the  single  frame  measurement  technique  each  test 
leg  began  with  the  surveyed  test  target  located  40 
nautical  miles  (nmi)  from  the  test  aircraft  and  at  an 
angle  which  was  20°  to  the  right  of  the  aircraft  velocity 
vector.  The  aircraft  flew  at  a  constant  heading  until 
the  target  was  25  nmi  from  the  aircraft  and  60°  to  the 
right  of  the  aircraft  velocity  vector.  /Approximately  75 
SAR  images  were  collected  on  each  of  nineteen  flight 
legs. 

The  test  profile  for  the  Multiple  Frame  Measurement 
technique  was  selected  to  induce  large  changes  in 
both  the  aspect  angle  of  the  target  with  respect  to  the 
aircraft,  and,  the  SAR  image  plane  (the  plane  defined 
by  the  aircraft  velocity  vector  and  the  line-of-sight  vec¬ 
tor  from  the  aircraft  to  the  target).  The  profile  began 
with  the  surveyed  test  target  located  30  nmi  from  the 
test  aircraft  and  at  an  angle  which  was  50°  to  the  right 
of  the  aircraft  velocity  vector.  The  aircraft  then  flew  a 
6-degree  bank  turn  until  the  target  was  15  nmi  from 
the  aircraft  and  20°  to  the  right  of  the  aircraft  velocity 
vector.  At  this  point  the  aircraft  began  a  45-degree 
bank  turn  which  ended  with  the  target  11  nmi  from  the 
aircraft  and  20°  degrees  to  the  left  of  the  aircraft  ve¬ 
locity  vector.  Approximately  50  SAR  images  were 
collected  on  each  of  three  flight  legs. 

Figure  5  shows  a  sample  SAR  image  that  was  gener¬ 
ated  during  the  flight  testing.  The  figure  shows  a  scene 
of  Rentschler  Airfield  v;ith  two  comer  reflector  arrays. 
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Figure  5.  Sample  of  SAR  Image  Accuracy 


The  surveyed  corner  reflector  is  the  bright  spot  marked 
target  in  the  Figure.  Also  shown  in  the  Figure  is  a 
navigation  box  which  is  overlaid  on  the  SAR  map  at 
the  GPS/INS/SAR  estimated  surveyed  reflector  loca¬ 
tion.  In  this  particular  frame  the  target  location  error  is 
less  than  5  meters. 

DATA  REDUCTION 

The  target  location  measurement  errors  were  com¬ 
puted  for  each  SAR  image  by  the  following  method: 

a.  The  aircraft  position  at  the  mid  point  of  the  image 
collection  was  obtained  from  recorded  GPS/INS 
output  data. 

b.  Each  SAR  image  generated  by  the  radar  was  digi¬ 
tized  and  the  location  of  the  surveyed  corner  re¬ 
flector  relative  to  the  image  center  was  measured. 
Using  this  data  and  the  surveyed  corner  reflector 
location  truth  data,  the  true  location  of  the  map 
center  was  determined. 

c.  Using  the  results  of  steps  a  and  b  and  an  esti¬ 
mate  of  the  radar  signal  atmospheric  propagation, 
the  true  values  of  range,  Doppler  and  elevation 
angle  at  the  map  center  were  computed. 

d.  The  range,  Doppler  and  elevation  angle  at  the  map 
center,  as  measured  by  the  radar,  were  then  com¬ 
pared  to  the  truth  data  to  determine  the  measure¬ 
ment  errors  .  These  results  were  then  converted 
into  the  range,  cross  range  and  altitude  errors 


given  in  the  next  section. 

Note  that  computed  errors  include  the  GPS/INS  posi¬ 
tion  errors  of  the  aircraft.  An  attempt  was  made  to 
determine  aircraft  location  to  a  better  accuracy  using 
differential  GPS  (DGPS)  data  recorded  in  flight.  These 
measurements  turned  out  too  noisy  to  be  useful. 


STATIONARY  TARGET  TEST  RESULTS 

The  single  frame  measurement  technique  was  evalu¬ 
ated  using  data  gathered  on  a  total  of  nineteen  test 
runs  taken  over  an  eight  month  period.  A  summary 
the  measurement  results  obtained  is  presented  in  the 
first  column  of  Table  1 .  As  can  be  seen,  the  slant  plane 
range  measurement  is  quite  accurate  and  the  major 
errors  are  in  altitude  and  cross  range.  The  measured 
altitude  error  represents  approximately  a  1  -milliradian 
error  in  the  elevation  angle  measurement.  The  sec¬ 
ond  column  of  the  table  shows  the  resulting  errors 
when  the  altitude  error  is  eliminated.  The  estimated 
weapon  delivery  CEP  (neglecting  weapon  control/ 
steering  errors)  is  shown  at  the  end  of  the  table  and 
demonstrates  the  accuracy  improvements  obtainable 
when  the  altitude  error  is  reduced. 

The  estimated  performance  of  the  integrated  GPS/INS 
systems  used  for  these  tests  is  summarized  in  Table 
2.  As  is  evident  from  the  table  the  measured  position 
accuracy  is  much  better  than  the  specification  and  the 
measured  velocity  accuracy  is  also  well  within  spec. 
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Table  1.  Single  Frame  Measurement  Flight  lest 
Data  Summary 


DIMENSION 

ACCURACY  (M) 

UNCORRECTED 

CORRECTED 

ALTITUDE 

ALTITUDE 

RANGE 

SLANT  RANGE 

5.5 

5.5 

GROUND  RANGE 

9.6 

5.4 

ALTITUDE 

75.4 

— 

CROSS  RANGE 

14.0 

7.6 

CEP 

VERTICAL  WEAPON 
DELIVERY 

13.1 

7.3 

OPTIMUM  WEAPON 
DELIVERY 

7.3 

7.3 

Table  2.  Estimated  Integrated  GPS/INS  Mea¬ 
surement  Errors 


PARAMETER 

ACCURACY 

SPECIFICATION 

MEASUREMENT 

POSITION  ( m  CEP) 

16 

5.5 

HORIZONTAL 

0.03 

0.018 

VELOCITY  (m/s) 

Results  obtained  with  the  fixed  target  multiple  slant 
plane  technique  are  shown  in  Table  3.  The  results 
listed  in  the  first  column  were  obtained  by  taking  a 
sequence  of  images  gathered  in  each  test  leg  and 
comparing  the  first  image  with  each  successive  im¬ 
age.  The  second  column  “N-Point  Filter”  results  were 
generated  by  computing  a  best  estimate  based  on  all 
the  images.  Overall  these  results  match  the  single 
frame  measurement  technique  results  with  the  altitude 
corrected. 

MOVING  TARGET  TEST  RESULTS 

Moving  target  test  results  are  shown  in  Table  4,  which 
lists  the  relative  location  error  of  the  detected  moving 
targets  with  respect  to  a  SAR  map  reference.  These 
measurements  were  taken  at  ranges  between  25  and 
40  nmi.  The  mean  error  represents  an  azimuth  angle 
error  of  approximately  1 50  microradians.  The  1  -sigma 
variation  in  the  results  is  consistent  with  the  signal-to- 
noise  ratio  of  the  target  measurements.  The  total 
moving  target  location  error  is  the  root  sum  square  of 
the  relative  moving  target  RMS  error  and  the  SAR  map 
location  errors  and  is  approximately  20  meters. 


Table  3.  Multiple  Frame  Measurement  Flight  test 
Data  Summary 


DIMENSION 

ACCURACY  (M) 

2-POINT 

N-POINT 

FILTER 

FILTER 

SLANT  RANGE 

2.1 

1.1 

ALTITUDE 

12.1 

6.1 

CROSS  RANGE 

5.4 

2.1 

CEP 

VERTICAL  WEAPON 
DELIVERY 

5.9 

2.6 

OPTIMUM  WEAPON 
DELIVERY 

4.6 

2.0 

Table  4.  Relative  Target  Location  Error 


TEST  LEG 

RELATIVE  ERROR  (M) 

MEAN 

1-SIGMA 

RMS 

053:15:59 

11.46 

13.38 

17.6 

053:16:46 

16.08 

9.21 

18.5 

053:17:33 

3.18 

9.78 

10.3 

074:16:27 

8.64 

10.62 

13.7 

074:17:01 

9.45 

13.2 

16.2 

074:18:13 

9.27 

12.33 

15.4 

AVERAGE 

9.68 

11.42 

15.3 

FUTURE  WORK 

Future  precision  targeting  experiments  to  be  con¬ 
ducted  for  a  Joint  Advanced  Strike  Technology  (JAST) 
Program  95-1  demonstration  will  include  real  time  op¬ 
eration  and  improved  SAR  resolution.  Real-time  imple¬ 
mentation  will  require  the  operator  to  have  access  to 
portions  of  the  previous  SAR  map  (showing  the 
cursored  target  pixel)  when  he  makes  the  subsequent 
target  designations.  Improved  resolution  will  allowthe 
operator  to  cursor  the  target  more  precisely  in-flight. 
Future  testing  plans  also  include  using  carrier  phase 
kinematic  DGPS  (0.1  meters)  as  radar  truth  data  to 
isolate  P-Code  GPS  errors. 
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And-Jamming  Perfopmance  of  TIDGET  In 
Guided  Munitions  Applications 
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ABSTRACT:  , 

Many  guided  munitions  systems  could  benefit  from 
the  use  of  GPS  position  information  to  augment 
existing  inertial  navigation  systems.  Currently  GPS 
is  planned  to  be  used  on  JDAM,  other  potential 
missile  systems  are,  next  generation  of  AMRAAM 
and  Harpoon  missiles.  These  applications 
however,  are  characterized  by  no  pre-launch 
visibility  of  GPS  satellites,  short  duration,  and  high 
launch  dynamics,  which  preclude  the  use  of 
conventional  GPS  receivers.  Utilizing  the  TIDGET 
sensor,  NAVSYS  developed  an  innovative 
approach  to  GPS/INS  data  fusion  for  these 
demanding  applications  that  optimally  combines 
GPS  and  INS  data  from  both  the  launch  platform 
and  smart  munitions.  The  advantages  of  this 
system  include  no  initialization  of  GPS  sensor  pre¬ 
launch,  rapid  signal  acquisition  even  in  high 
dynamic  environments  (Time  To  First  Fix  <  1  sec), 
and  inherent  differential  operation.  But  perhaps  the 
most  surprising  advantage  is  the  improved  anti¬ 
jamming  performance  when  compared  to  even  an 
ideal  conventional  receiver.  An  ideal  conventional 
GPS  receiver  will  provide  a  jamming  margin  of 
43  DB  for  C/A  codes  and  53  DB  for  P/Y  codes, 
assuming  no  quantization  and  sampling  losses. 
Here  we  will  show  that  the  TIDGET  sensor 
provides  jamming  margin  of  up  to  70  DB  for  C/A 
codes  and  68  DB  for  P/Y  codes,  for  these 
applications,  while  still  maintaining  one  meter  PR 
accuracies.  Here  we  present  the  system’s 
architecture  with  an  analysis  of  the  system 
performance  and  J/S  margins. 


1.  INTRODUCTION 

1.1  GPS  FOR  PRECISION  WEAPON  DELIVERY 

Attack  aircraft  currently  carry  a  suite  of  precision 
sensors  such  as  Global  Positioning  System  (GPS), 
Inertial  Navigation  System  (INS),  Forward  Looking 
Infrared  (FLIR)  systems,  and  Synthetic  Aperture 
Radar  (SAR)  that  can  be  used  to  provide  precision 
air-to-ground  or  air-to-air  targeting.  Smart 
weapons  also  carry  a  sensor  suite  including 
inexpensive  IMUs  and  sometimes  GPS  equipment 
for  precision  weapon  delivery.  However,  the  size, 
weight,  and  cost  of  the  missile  electronics  limit  the 
functions  that  can  be  performed  on-board.  The 
ability  to  fuse  data  from  on-board  sensors  and  off- 
board  assets  can  significantly  improve  the 
accuracy  of  the  weapon  delivery  while  reducing  the 
cost  of  the  weapon  system. 

NAVSYS  has  designed  an  innovative  tracking 
system  that  optimally  combines  data  from  the 
aircraft  and  missile  sensors,  including  GPS  and 
INS  data  from  both  sources.  This  architecture  has 
the  following  key  advantages  over  previous 
GPS/INS  missile  guidance  systems. 

•  Low  cost  GPS  sensor  used  in  place  of  a 
full  receiver  on  the  missile. 

•  No  initialization  needed  of  GPS  sensor 
pre-launch. 

•  Rapid  initial  signal  acquisition  even  in  high 
dynamic  maneuvers  (TTFF  <1  sec). 

•  Sensor  fusion  of  aircraft  and  missile 
GPS/INS  data  performs  rapid  in-flight 
alignment  of  missile  INS,  reducing  time 
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•  Sensor  fusion  of  aircraft  and  missile 
GPS/INS  data  performs  rapid  in-flight 
alignment  of  missile  INS,  reducing  time 
needed  for  pre-launch  initialization  and 
alignment. 

•  Enhanced  signal  processing  of  GPS  data 
on  aircraft  increases  signal  margin  and 
anti-jamming  (A/J)  performance  of  missile 
GPS  data. 

•  "Differential"  missile-to-aircraft  operation 
provides  improved  GPS  precision  for 
targeting  using  aircraft  sensors. 

The  TIDGET/INS  Missile  (TIM)  system  concept,  is 
illustrated  in  Figure  1 . 

The  missile  carries  on-board  an  inexpensive, 
miniaturized  GPS  sensor,  the  TIDGET™.  The 
TIDGET  is  used  to  periodically  collect  "snapshots" 
of  the  GPS  data.  This  data  is  formatted  into  a 
message  that  also  includes  the  missile  INS 
position,  velocity,  and  attitude  data,  which  is 
transmitted  back  to  the  aircraft.  The  aircraft 
receives  the  data  from  the  missile  and  passes  it  to 
the  TIM  tracking  system  for  processing.  The  TIM 
tracking  system  combines  the  data  from  the 
aircraft  GPS/INS  systems  with  the  TIDGET/INS 
data  received  from  the  missile,  and  processes  this 
to  compute  an  integrated  GPS/INS  solution  for  the 
relative  location  and  velocity  of  the  missile  to  the 
aircraft.  This  can  be  combined  with  FLIP  and  SAR 
data  to  accurately  target  the  weapon  system. 
Several  applications  can  benefit  from  the  use  of  a 
TIM  tracking  system  to  improve  the  guidance 
accuracy.  In  [1]  and  [2]  the  focus  was  on  the  use 
of  the  technology  in  an  extended  range  air-to-air 
missile  where  a  target  is  acquired  by  the  launch 
aircraft.  The  missile  is  then  launched  and  uses  its 
on-board  INS  to  fly  towards  an  aim  point  (expected 
future  location  of  the  target)  supplied  by  the  launch 
aircraft.  Based  on  the  target  motion,  the  launch 
aircraft  transmits  updates  of  the  aim  point  to  the 
missile  during  flight.  Once  the  missile  reaches  the 
aim  point  and  the  target  can  be  acquired  by  the 


missile  seeker,  the  mid-course  guidance  phase 
ends  and  the  missile  starts  using  its  seeker  for 
terminal  guidance  to  the  target.  Note  that  if  the 
missile  INS  provides  inaccurate  navigation 
information,  the  capability  of  the  missile  to  reach 
the  aim  point  will  be  severely  degraded. 

Although  those  papers  considered  air-to-air 
applications,  the  TIM  system  can  be  used  in  any 
guided  missile  or  bomb  that  relies  on  an  on-board 
INS  for  navigation/guidance. 

1.2  TECHNICAL  ISSUES 

A  block  diagram  of  the  NAVSYS  TIM  tracking 
system  is  shown  in  Figure  2.  The  key  technical 
issues  in  the  design  of  the  TIM  system  are: 

TIDGET/INS  Data  Fusion 
A  system  that  relies  on  an  INS  navigation 
information  for  guidance  is  subject  to  guidance 
errors  due  to  the  fact  that  the  INS  (if  uncorrected) 
exhibits  errors  that  grow  with  time.  The  magnitude 
of  the  INS  errors  depends  on  the  size  of 
initialization  errors,  as  well  as  the  instrument,  i.e. 
accelerometer  and  gyro  errors.  In  airborne 
applications  where  missiles  are  launched  from 
wing  mounts,  a  large  source  of  INS  error  occurs 
due  to  incorrect  attitude  initialization  (i.e.  incorrect 
alignment),  which  results  from  wing  twist  etc  [1]. 
Furthermore,  if  low  cost  Inertial  Measurement  Units 
(IMU's)  are  used,  the  accelerometers  and  gyros 
will  exhibit  large  errors. 

By  fusing  GPS  and  INS  data,  improvements  in 
system  accuracy  are  obtained  because  of: 

•  Improved  INS  initialization:  by  using  the 
appropriate  data  fusion  process,  it  is 
possible  to  significantly  reduce  the  effects 
of  incorrect  INS  initialization  after 
processing  only  a  few  GPS 
measurements.  This  means  that  for 
example  in  a  hostile  jamming  environment, 
only  a  small  number  of  GPS 
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measurements  are  required,  whereupon 
autonomous  operation  using  only  the  INS 
is  possible. 

Improved  Navigation  information:  if  the 
GPS  data  is  used  to  correct  the  INS  at 
regular  intervals  throughout  the  missile 
flight,  one  obtains  a  system  that  exhibits 
the  best  characteristics  of  both  GPS  and 
inertial  navigation  systems,  viz.  the 
accuracy  and  stability  of  GPS,  as  well  as 
the  high  bandwidth  of  an  INS. 

The  key  issues  regarding  TIDGET/INS  data  fusion 
are  the  tradeoffs  related  to:  IMU  quality  and  cost, 
and  number  and  accuracy  of  TIDGET/GPS 
updates  required. 

Rapid  Acquisition  of  GPS  Signal 
In  many  smart  munitions  applications,  a  munitions- 
mounted  GPS  receiver  will  not  be  able  to  receive 
GPS  signals  until  launch.  Furthermore,  launches  of 
smart  munitions  typically  involve  high 
accelerations.  Both  of  these  factors  are  detrimental 
to  conventional  GPS  receiver  operation  and  result 
in  larger  delays  for  GPS  solutions  to  become 
available. 

Communications  Link  Bandwidth 
The  bandwidth  of  the  downlink  between  the  missile 
and  the  aircraft  will  determine  the  amount  of  GPS 
data  available  for  processing.  The  amount  of  data 
available  for  processing  will  affect  the  navigation 
solution  accuracy  and  availability,  especially  in 
jamming  scenarios.  Given  a  fixed,  effective 
communications  bandwidth,  the  trade-off  is 
between  the  TIDGET  sampling  rate  of  the  GPS 
signal  structure,  the  quantization  level  of  the 
TIDGET  sampler  (number  of  bits),  the  length  of  the 
TIDGET  snapshots,  and  the  frequency  of  the 
TIDGET  snapshots  (i.e.  the  number  of  TIDGET 
snapshots  per  unit  time). 

Anti-Jam  Capability 

The  effectiveness  of  any  munitions  system  is 
threatened  by  the  use  of  enemy  jammers. 


Although  GPS  signals  are  spread-spectrum,  their 
low  power  levels  and  particular  spread  spectrum 
architecture  make  them  susceptible  to  jamming. 

In  the  remainder  of  the  paper  we  will  describe  the 
TIDGET  sensor  its  operation  and  its  performance 
in  particular  its  associated  J/S  margins  in  a  TIM 
system. 

2.  TIDGET  OPERATION 

The  proposed  TIM  system  is  based  on  the  low  cost 
TIDGET  sensor  developed  by  NAVSYS 
Corporation.  The  TIDGET  sensor  architecture  is  a 
compromise  between  a  full  GPS  receiver  and  a 
GPS  digital  translator,  which  in  this  application 
provides  the  best  features  of  both  for  missile 
tracking. 

A  conventional  GPS  receiver  includes  an  RF 
subsystem,  frequency  synthesizer,  digital  signal 
processing  (DSP)  chip,  and  a  microprocessor.  The 
RF  subsystem  receives  the  L1  GPS  signals  and 
converts  them  to  a  convenient  intermediate 
frequency  (IF).  The  IF  signals  are  filtered  and 
digitized.  Typically,  a  sample  rate  of  at  least  2 
MHZ  is  used  to  digitize  the  GPS  signals  which  are 
at  1 .023  MHZ  for  the  C/A  code.  A  20  MHZ  sample 
rate  is  required  to  capture  the  full  P/Y  code 
bandwidth.  A  second  down-converter  and  A/D 
sampler  is  used  to  capture  the  L2  bandwidth  if 
required. 

The  digitized  GPS  signals  are  then  processed  in  a 
semi-custom  DSP  chip  to  provide  code  and  carrier 
demodulation.  Samples  of  the  demodulated 
signals  are  accumulated  and  processed  in  the 
microprocessor  to  provide  pseudo-range  (PR)  and 
delta-range  (DR)  measurements.  These 
measurements  are  then  used  to  derive  the  position 
and  velocity  of  the  receiver.  In  a  tracking  system 
implementation,  the  receiver  provides  either  the 
raw  PR/DR  measurements  or  a  position  and 
velocity  fix  as  output  from  the  microprocessor. 
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This  data  is  transmitted  via  a  telemetry  link  to  a 
ground  station  for  further  processing. 

The  trade-offs  between  the  receiver-based 
implementation  and  the  translator  include  cost, 
complexity,  power,  size,  bandwidth,  and 
performance.  The  receiver  approach  requires  that 
each  missile  being  tracked  carry  a  complete  GPS 
receiver  that  can  process  the  GPS  data  for 
transmission  to  the  ground  station.  A  more 
efficient  approach,  which  reduces  the  amount  and 
complexity  of  the  flight  hardware,  is  to  perform 
navigation  processing  on-board  the  aircraft,  where 
size  and  weight  constraints  are  less  significant. 

A  GPS  translator  implements  this  idea  by 
retransmitting  the  raw  GPS  data  from  the  vehicle 
to  a  translator  processing  system.  The  front-end 
of  the  translator  is  identical  to  that  of  a 
conventional  GPS  receiver.  The  raw 
(unprocessed)  GPS  signals  are  then  transmitted 
via  a  telemetry  link  to  the  ground-based  translator 
processing  system. 

The  advantage  of  the  translator  system  over  a 
receiver  system  is  in  the  acquisition  and  tracking 
performance.  Missile-borne  GPS  receivers  have 
difficulty  in  rapidly  acquiring  and  tracking  satellite 
signals  due  to  the  high  dynamics  of  the  missile. 
Large  swings  in  the  frequency  of  the  receiver's 
oscillator  are  introduced  by  the  missile's  high 
dynamics,  especially  during  missile  launch.  These 
frequency  swings  create  an  extremely  difficult 
acquisition  and  tracking  problem  for  the  receiver, 
since  it  has  to  search  over  a  large  Doppler  range 
to  find  the  satellite  signals.  This  problem  is 
compounded  by  the  fact  that  the  receiver  may  not 
be  able  to  "see"  GPS  satellites  prior  to  launch, 
since  the  missile  is  usually  located  beneath  the 
wing  of  an  aircraft.  Even  in  a  static  environment,  a 
receiver  typically  requires  several  minutes  to 
acquire  and  track  enough  satellite  signals  to 
provide  a  navigation  solution. 


The  major  disadvantage  of  translators  for  this 
application  is  the  larger  telemetry  bandwidth 
required.  Existing  GPS  translator  systems 
developed  by  the  US  Navy  and  by  the  tri-service 
Range  Applications  Joint  Program  Office  (RAJPO) 
are  based  on  analog  translators  and  therefore 
require  wide  bandwidth  telemetry  systems  (>2 
MHZ)  which  are  not  suited  for  tactical  applications. 

The  NAVSYS  design  uses  a  missile  sensor  that 
incorporates  the  size,  weight,  cost,  and 
performance  advantages  of  a  digital  translator 
while  requiring  only  a  low  bandwidth  telemetry  link 
as  does  a  GPS  receiver.  This  system  design  is 
based  on  the  patented  TIDGET  GPS  sensor 
illustrated  in  Figure  3. 

In  addition  to  downconverting  and  digitizing  the 
GPS  signal,  the  TIDGET  also  includes  a  digital 
data  buffer  (DDB)  to  provide  the  capability  to 
reduce  the  output  data  rate.  This  data  rate 
reduction  is  achieved  by  buffering  a  "snapshot"  of 
the  digital  GPS  data.  The  selected  interval  of  data 
is  then  transmitted  to  the  aircraft  with  the  INS  data 
from  the  missile.  The  GPS  snapshot  and  INS  data 
are  fused  with  the  aircraft  sensor  data  to  derive  the 
missile  position,  velocity,  and  attitude  solution 
relative  to  the  aircraft  and  target.  The  aircraft  uses 
this  information  to  send  fire  control  data  and  INS 
calibration  data  to  the  missile  across  the  telemetry 
link. 

3  TIDGET  PERFORMANCE 

As  mentioned  before,  the  TIDGET  is  a  compromise 
between  a  full  GPS  receiver  and  a  GPS  digital 
translator  and  exhibits  performance  characteristics, 
unique  to  its  architecture.  We  are  not  only 
concerned  with  the  TIDGET  performance  under 
normal  circumstances  but  also  with  its 
performance  in  the  presence  of  intentional  or 
unintentional  jammers.  A  good  way  of  representing 
the  performance  of  this  sensor  is  by  expressing  the 
maximum  jammer-to-signal  (J/S)  power  margin 


384 


that  can  be  tolerated  by  the  sensors,  while 
producing  reliable  data.  There  are  several  types  of 
jammers,  of  which  we  will  only  consider  the  effects 
and  possible  counter-measures  for  the  following 
types:  narrowband  or  continuous  wave  (CW) 
Jammers,  broadband  jammers,  pulsating  jammers 
and  spoofing  jammers.  The  analysis  presented 
here  suggest  that  broadband  jammers  are 
expected  to  be  more  detrimental  to  the 
performance  of  the  TIDGET  sensor.  Also  it  is 
shown  that  in  the  presence  of  a  broadband 
jammer,  the  J/S  margin  for  the  TIDGET  sensor  is 
given  by: 

mog^„(J/S)^^3.m-SNR^+TG,^^-PG  (dB)  (l) 

where  SNR  T  is  the  minimum  SNR  (in  DB-Hz) 
required  to  acquire  code  phase  and  carrier  phase 
synchronization,  for  PR  measurements,  for  a  given 
length  of  data  from  the  TIDGET  sensor.  TG  loss  is 
the  SNR  degradation  (in  DB)  introduced  by  the 
sensor  through  the  translation  of  the  raw  GPS 
signal,  ad  PG  is  the  processing  gain  (in  DB)  that 
can  be  obtained  through  proper  filtering  of  the  raw 
GPS  signal  and  processing  of  the  TIDGET  sensor 
data. 

3.1  TIDGET  SNR  DEGRADATIONS 

The  TIDGET  sensor  (see  Figure  3)  includes  three 
main  components:  (I)  the  analog  front-end  where 
the  RF  GPS  signal  is  bandpass  filtered  and 
downconverted  through  three  stages  of  mixing;  (ii) 
a  presampler  filter  along  with  an  AID  converter  that 
quanitizes  the  filtered  analog  signal  to  2  bits  (sign 
and  magnitude)  which  then  are  provided  to  latches 
for  sampling;  (iii)  and  a  component  containing  the 
DDB  and  other  control  functions  required  for  the 
proper  operation  of  the  interfacing  I/Os  [1].  Each 
of  these  components  degrades  the  receiver  SNR 
by  increasing  the  thermal  noise  in  the  received 
signal,  reducing  the  effective  signal  strength,  or 
introducing  noise  to  the  received  signal. 


Front  End  Degradation 
The  first  component,  where  all  the  front-end 
functions  are  performed,  usually  reduces  the  SNR 
by  increasing  the  effective  thermal  noise  in  the 
received  signal.  This  component  of  the  TIDGET 
sensor  has  been  carefully  designed  so  that  this 
SNR  degradation  is  no  larger  than  4  DB  [1],  which 
is  similar  to  the  majority  of  receivers  and  digital 
translators.  Thus  the  following  comparative 
analysis,  ignores  this  SNR  degradation  as  it  is 
common  to  all. 

Sampling  and  Quantization  Degradations: 

The  SNR  degradations  introduced  by  the 
presampler/converter  component  in  the  TIDGET 
are  usually  not  encountered  in  the  same  fashion  on 
either  full  receivers  or  digital  translators.  These 
performance  degradations  are  explained  below. 

•  Effect  of  Sampling  Rate:  In  the 

presampler/converter,  the  downconverted 
GPS  signal  is  filtered,  sampled,  and 
quanitized  by  a  1  or  2  bit  AID  converter. 
Aliasing  is  avoided  by  bandlimiting  the 
signal  through  a  filter  prior  to  sampling.  In 
a  full  receiver,  the  downconverted  received 
signal  will  be  passed  through  a  pair  of 
presampling  filters  that  not  only  bandlimit 
the  received  signal,  but  also  produce  a  pair 
of  signals  that  when  treated  as  a  complex 
construct  forms  an  analytical  signal.  In  the 
TIDGET  sensor,  the  downconverted 
received  signal  is  only  passed  through  a 
single  presampling  filter  and  then  sampled 
not  at  the  Nyquist  frequency  but  at  half  the 
Nyquist  frequency.  The  resulting  sampled 
signal  contains  only  the  real  or  imaginary 
part  of  the  analytical  signal  encountered  in 
a  full  receiver.  When  correlated  with  either 
a  P  or  C/A  reference  code,  this  results  in 
an  SNR  degradation  of  approximately  3 
DB  due  to  the  loss  of  signal  power. 

’  Degradation  Due  to  Quantization  In  the 
TIDGET  the  downconverted  received 
signal,  is  further  quanitized  by  a  1  bit 
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quanitizer.  The  effects  of  this  quantization 
in  the  effective  SNR  of  the  TIDGET  output 
data  can  be  seen  by  considering  the 
output  of  a  typical  correlator  when  this 
quanitized  data  is  used.  Assuming 
coherent  detection  of  the  carrier  phase 
and  independent  noise  samples,  it  can  be 
shown  (see  [1])  that  the  performance 
degradation  due  to  1  bit  quantization  for 
weak  signals  is  results  in  a  1.97  DB  loss. 

Thus  the  total  SNR  loss  associated  with  a  typical 
TIDGET  sensor  is  TG  loss  =  4.97  DB. 

3.2  ACQUISITION  PERFORMANCE 

The  TIDGET  sensor  data  is  only  used  to  acquire 
and  track  the  GPS  code  and  carrier  information  in 
order  to  obtain  PR  and  carrier-range  (CR) 
measurements.  The  GPS  signal  structure  also 
carries  satellite  ephemeris  and  time  information 
modulated  on  the  spread  spectrum  signal  structure 
at  a  50  bps  rate.  This  data  information  is  not  used 
by  the  TIDGET,  but  is  gathered  at  the  reference 
receiver.  Because  of  this,  the  best  acquisition 
performance  can  be  obtained  if  the  data 
modulated  on  the  GPS  signal  is  removed  before 
processing  the  TIDGET  data.  This  process,  called 
data  aiding,  significantly  improves  the  acquisition 
and  tracking  performance  of  the  TIDGET  system. 
Since  there  no  data  present  the  effective  coding 
gain  associated  with  the  spread  spectrum  code  is 
augmented  by  16  DB  for  acquisition  and  tracking 
(see  [1]). 

The  GPS  signals  must  be  acquired  in  both  time 
(code  phase)  and  Doppler  frequency  offsets 
(carrier  phase)  before  the  tracking  operation  can 
begin.  This  implies  a  search  for  the  single 
synchronization  in  both  time  and  frequency.  The 
search  problem  is  greatly  simplified,  however,  if  a- 
priori  information  about  the  Doppler  frequency  is 
obtained,  which  allows  the  use  of  coherent  phase 
detection.  This  reduces  the  two-dimensional 


frequency-phase  search  to  only  a  one-dimensional 
search  over  all  possible  code  phases  until 
synchronization  is  acquired.  For  the  TIM  system, 
the  missile  inertial  information,  along  with  the  GPS 
receiver  data,  provide  a-priori  information  to  permit 
coherent  detection.  In  order  to  improve 
performance  even  further  the  TIM  system  uses  a 
sequential  search  method,  since  this  allows  the 
use  of  maximum  likelihood  detection  methods.  It 
can  be  shown  (see  e.g.  [1],  [4])  that  the  minimum 
required  SNR  to  guarantee  acquisition  of  the  code 
and  carrier  synchronization  is  given  by; 

SNR^-  101og,o(-ln(P))+ 101og,o(-^) 


where  beta  is  the  probability  of  missing  detection 
and  PS  is  the  TIDGET  snapshot  data  length. 

The  higher  performance  obtained  results  in  a  more 
rapid  acquisition  in  a  noisy  environment  (see  e.g. 
[1]-I3]). 

3.3  TRACKING  PERFORMANCE 

As  indicated  earlier,  using  a-priori  information 
about  the  carrier  phase,  obtained  through  data 
aiding  between  sensors,  coherent  carrier  phase 
demodulation  can  be  obtained  and  resolved  before 
code  phase  acquisition  and  tracking.  Once  code 
phase  synchronization  is  obtained,  the  code  phase 
can  be  tracked  by  using  a  delay  lock  loop  to  obtain 
estimates  of  the  code  phase.  Typically,  receivers 
track  the  code  phase  by  using  delay  lock  loops 
which  provide  minimum  mean  square  error 
estimates  of  the  code  phase.  In  order  to  obtain 
maximum  performance  the  TIM  system  uses  a 
Maximum  Likelihood  Estimator  (MLE)  in  stead  of  a 
minimum  mean  square  error  method.  The  MLE 
method  results  in  an  improvement  in  measurement 
accuracy  by  at  least  a  factor  of  2,  depending  on  the 
TIDGET  snapshot  length. 

3.4  JAMMING  PERFORMANCE 
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Four  types  of  jammers  present  a  typical  threat  to 
the  TIM  system;  spoofing,  narrowband  or  CW 
jammers,  pulsating  jammers,  and  broadband 
jammers. 

Spoofing  Jammers 

Spoofing  jammers  are  spread  spectrum  signals 
that  emulate  GPS  signals  by  reproducing  the  GPS 
signal  structure  associated  with  C/A  codes.  The 
simplest  method  to  defeat  C/A  code  spoofing 
jammers,  is  to  process  the  encrypted  P  code 
signals.  In  this  regard,  the  TIDGET  architecture  is 
no  different  than  conventional  receivers.  If 
spoofing  jammers  are  a  concern,  P  code  signal 
processing  can  be  used. 

Narrowband  or  CW  Jammers 
Narrowband  or  CW  jammers  are  high  power 
signals  that  occupy  narrow  or  small  bandwidths 
that  fall  on  or  close  to  the  GPS  carrier  frequencies. 
In  an  ideal  receiver,  these  signals  are  spread 
during  the  correlation  with  the  reference  code. 

Thus  their  effects  are  mitigated  by  the  spreading 
factor  associated  with  the  reference  code. 

However  in  some  cases  this  reduction  in  the  SNR 
degradation  introduced  by  the  jammer  may  not  be 
enough  in  many  cases.  In  the  TIDGET,  the  effects 
of  this  type  of  jammer  also  include  the  introduction 
of  spurious  responses  at  the  limiter  output  of  the 
/VD  converter,  as  well  as  non-linear  effects  due  to 
stuck  faults  of  the  quantization  bit  in  the  AID 
converter. 

The  suggested  approach  to  dealing  with 
narrowband  jammers  is  to  treat  the  problem  as  a 
cancellation  of  the  narrowband  signal  (the  CW 
jammer)  in  the  presence  of  broadband  noise  (the 
GPS  signal).  There  are  several  methods  that  can 
be  used  to  reduce  the  effective  power  of  the 
narrowband  signal  before  correlation  with  the 
reference  code  is  performed  (see  e.g.  [4],  [5]). 
These  procedures  can  be  applied  equally  well  to 
TIDGET  and  conventional  receivers. 


Pulsating  Jammers 

Pulsating  jammers  are  very  high  power  signals  of 
very  short  duration.  These  signals  have  a  strong 
detrimental  effect  on  the  data  detectors  in  ideal 
receivers  [7],  by  acting  as  a  noise  source  that 
introduces  burst  errors  on  the  data  stream.  The 
smaller  the  duration  of  the  jamming  pulse,  the 
more  power  it  contains  and  the  more  bursty  the 
effective  channel  behavior  is.  This  type  of  jammer 
can  be  compensated  either  by  introducing  error 
correction  capabilities  in  the  transmitted  GPS 
signal  or  by  estimating  the  jammer  state  (present 
or  not  present)  and  ignoring  the  data  when  the 
jammer  is  present. 

Fortunately,  this  problem  does  not  severely  affect 
the  performance  of  the  TIDGET  sensor  if  the 
duration  of  the  pulsating  jammer  is  small  compared 
to  the  length  of  the  sensor  data.  Since  this  is  the 
case  for  almost  all  practical  cases,  it  can  be 
presumed  that  such  jammers  do  not  affect 
significantly  the  TIDGET  performance. 

Broadband  Jammers 

Broadband  jammers  are  signals  of  moderate 
power  and  broad  bandwidth  centered  on  or  around 
the  GPS  carrier  frequencies  and  behave  like  band- 
limited  white  Gaussian  noise.  The  main  effect  of 
the  this  jammer  is  to  degrade  the  effective  SNR  by 
effectively  increasing  the  noise  floor. 

One  defense  against  broadband  jammer  signals  is 
to  reduce  their  power  by  filtering  the  jammer 
spectrum  in  order  to  reduce  its  effective  bandwidth. 
This  band-limiting  operation  can  be  performed  by 
the  presampler  filter  in  the  TIDGET  sensor.  Note 
that  band-limiting  the  received  signal  spectrum 
beyond  the  chip  rate  of  the  reference  code,  either 
10.23  MHz  for  P/Y  code  signals  or  1.023  MHz  r 
C/A  code  signals,  will  also  reduce  the  GPS  signal 
power.  Since  the  GPS  signal  power  spectrum  has 
a  sin(x)/x  shape,  for  either  P/Y  or  C/A  code  signals, 
intuitively  the  signal  loss  will  be  more  gradual  than 
the  reduction  of  noise  power,  so  that  an  overall 
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gain  can  be  obtained.  It  can  be  shown  that  any 
possible  SNR  gain  or  losses  achieved  by  band- 
limiting  the  received  GPS  signal  an  broadband 
noise  can  be  express  as: 


SNR(f)^PG=lOlogi„ 


€(/) 

N^W 


where  BW  =  F  max  -  Fmin  =  bandwidth,  N  0  is 
the  effective  noise  spectral  density,  and  epsilon(f) 
is  given  by: 

n  J-in/^r  X 
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Figures  4  and  5  show  this  PG  as  a  function  of 
bandwidth  for  the  PA'  code  and  C/A  code 
respectively.  These  figures  assume  a  broadband 
jammer  with  bandwidth  of  20.46  MHz  and  a 
relative  power  of  0  DB.  Note  that  for  a  2  MHz 
bandwidth,  the  PG  is  9.33  DB  and  2.98  DB  for  C/A 
and  P  code  signals  respectively. 

By  combining  these  result  we  can  conclude  that 
the  performance  of  the  TIDGET  is  indeed  govern 
by  equation  (1).  Tables  and  2  summarize  the 
performance  of  the  TIDGET  for  this  application  for 
various  packet  sizes,  sampling  rates.  The  resulting 
jamming  gains  are  calculated  relative  to  a 
broadband  jamming  signal  spread  over  the  full 
20.46  MHz  of  the  P/Y  code.  The  last  column  is  the 
PR  accuracy  in  meters  assuming  no  jamming  and 
40  DB-Hz  signal  levels.  From  these  tables  we  can 
clearly  see  that:  1)  for  the  TIDGET  -based  TIM 
system,  the  C/A  code  signals  has  slightly  larger 
jamming  margins  than  P/Y  code.  2) 

Undersampling  significantly  increases  the 
broadband  jamming  margin  for  a  small  cost  in  PR 
accuracy.  Typically,  a  factor  of  five  decrease  in 
sampling  rate  will  increase  the  jamming  margins 
by  approximately  10  DB  while  decreasing  the 
accuracy  only  by  a  factor  of  two.  3)  Accuracy  and 
jamming  margins  increase  with  increase  packet 
size. 


4.  CONCLUSIONS 


The  TIM  system,  based  on  the  TIDGET  GPS 
architecture  and  aided  with  missile-based  INS 
data,  provides  the  capability  to  obtain  accurate 
navigation  information  for  guided  munitions. 

By  using  the  unique  characteristics  of  the  TIDGET 
it  is  possible  obtain  the  benefits  of  GPS  while  still 
meeting  the  demands  for  rapid  GPS  signal 
acquisition  even  in  high  dynamic  environments 
(Time  To  First  Fix  <  1  sec),  improved  Anti- 
Jamming  performance  when  compared  to  even  an 
ideal  conventional  receiver,  and  inherent 
differential  operation. 
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Table  2  'P/Y  Code  Performance 


Figure  1:  TIM  System  Concept 
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ABSTRACT 

Much  attention  has  been  given  recently  to  the  application 
of  Differential  GPS  (DGPS)  phenomenology  to  improve 
the  accuracy  of  precision  guidance  weapons.  Specifi¬ 
cally,  we  consider  scenarios  where  a  targeting  system 


provides  target  coordinates  using  an  on-board  GPS  for  its 
inertial  reference  system.  By  guiding  the  weapon  in  a 
coordinate  frame  that  is  correlated  to  the  GPS  bias  errors 
inherent  in  the  targeting  data,  guidance  accuracies  can  be 
improved  to  near  “precision”  level  without  the  use  of  a 
terminal  guidance  seeker.  Initial  Relative  GPS  concepts 
have  been  proposed  to  achieve  this  correlation  by  slaving 
the  weapon  GPS  receiver  to  “track  the  same  four  satel¬ 
lites”  as  the  GPS  receiver  on  the  targeting  aircraft.  While 
this  simplistic  approach  may  be  effective  in  some  scenar¬ 
ios,  it  is  not  sufficiently  robust  for  general  implementa¬ 
tion.  This  paper  identifies  and  examines  specific  issues 
that  must  be  resolved  before  Relative  GPS  guidance  can 
be  considered  an  implementable  methodology.  Several 
candidate  solutions  are  presented  and  evaluated  through 
simulation  and  analysis.  Detailed  consideration  of  these 
implementation  issues  was  a  subject  of  the  USAF  GPS 
Exploitation  for  Precision  Targeting  Program  with 
Hughes  Aircraft  Company. 

INTRODUCTION 

Recent  evaluations  of  engagement  doctrines,  subsequent 
to  the  experiences  of  Operation  Desert  Storm  and  chang¬ 
ing  political  realities,  have  motivated  the  development  of 
new  weapon  system  concepts.  Elements  common  to  these 
emerging  concepts  include  precision  strike  capability, 
affordability,  and  operation  in  all  weather  conditions.  As 
a  result,  Hughes  Aircraft  Company  has  developed  a 
weapon  system  concept  that  includes  a  GPS-aided  target¬ 
ing  system  (GATS)  and  a  synergistic  weapon  guidance 
technique  called  Relative  GPS  guidance  (U.S.  Patent 
Number  5,344,105).  Implementation  issues  of  the 
GATS/Relative  GPS  weapon  system  were  studied  as  a 
part  of  the  USAF  GPS  Exploitation  program  under  the 
Precision  Strike  Initiative. 

System  concepts  that  employ  GPS-aided  targeting,  com¬ 
bined  with  differential  or  Relative  GPS  guidance,  have 
been  discussed  in  recent  related  publications  [e.g.,  1-3]. 
This  paper  presents  error  budget  analyses  demonstrating 
the  potential  accuracies  afforded  by  Relative  GPS  guid¬ 
ance  and  considers  issues  related  to  its  implementation  in 
a  robust  manner.  The  simple  notion  of  tracking  the  same 


391 


four  SVs  as  the  targeting  aircraft,  while  convenient  for 
feasibility  analysis,  can  result  in  significant  operational 
limitations.  Several  candidate  solutions  are  discussed  and 
evaluated  through  analysis  and  simulation.  An  assess¬ 
ment  is  presented  from  the  standpoint  of  weapon  guidance 
accuracy  and  potential  consequences  for  existing  air  craft 
and  weapon  operations,  subsystems,  and  interfaces. 

Overview:  Idea  and  Benefits  of  Relative  GPS 

The  objective  of  Relative  GPS  is  to  navigate  a  vehicle 
from  point  A  to  point  B  where  the  location  of  point  B  is 
defined  by  a  targeting  platform  at  point  C  (Figure  1). 
Assume  point  B  is  known  very  well  relative  to  point  C 
and  that  the  targeting  platform  has  a  GPS  receiver. 


Precision  Strike  Benefits 

Error  budget  analysis  at  the  weapon  system  level  reveals 
that  achievement  of  precision  guidance  requires  both 
targeting  system  and  weapon  guidance  accuracies  of 
better  than  3  meters  CEP  (Figure  2).  Three  weapon 
guidance  techniques  can  be  considered.  The  use  of  a 
conventional  terminally  homing  (seeker-guided)  weapon 
provides  the  required  accuracy  but  incurs  seeker  cost. 
Use  of  a  conventional  GPS  for  weapon  midcourse  and 
terminal  guidance  does  not  provide  sufficient  accuracy 
because  the  standard  GPS  precise  positioning  service 
(PPS)  accuracy  of  16  meters  SEP  [4]  exceeds  the  pre¬ 
cision  strike  threshold.  Relative  GPS  can  provide  the 
required  accuracy  using  standard  GPS  receiver  hardware. 


(1)  Targeting 
platform  senses 
relative  target 
position 
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SV-1  SV-2  SV-3 

(4)  Weapon  guides  to 
biased  coordinates 
using  Relative 
GPS  maintaining 
similar  bias  in  its 
own  guidance 
LP  solution 

(2)  Using  its  ownship' 

GPS  solution,  TP 
determines  (biased)  GPS 
coordinates  of 
target 

(3)  TP  sends  (biased)  target 
coordinates  (and  bias  correlation 
data)  to  weapon  via  launch  platform 


Figure  1.  Idea  of  Relative  GPS 

If  the  vehicle  also  has  a  GPS  receiver,  its  accuracy  in 
navigating  to  point  B  can  be  better  than  that  of  absolute 
GPS,  if  it  can  maintain  a  high  degree  of  correlation  of  its 
absolute  GPS  position  solution  errors  with  those  of  the 
targeting  platform.  In  this  sense,  it  navigates  relative  to 
the  targeting  platform  in  its  biased  GPS  coordinates. 

Thus,  while  the  vehicle  never  knows  its  absolute  position 
better  than  standard  GPS  accuracy,  it  may  navigate  to 
point  B  with  a  relative  accuracy  comparable  to  the 
absolute  accuracies  of  DGPS. 

Relative  GPS  guidance  has  the  potential  of  providing 
near-precision  weapon  guidance  accuracy  without  requir¬ 
ing  a  terminal  homing  seeker,  yielding  obvious  affordabil¬ 
ity  benefits.  The  global  coverage  of  the  GPS  results  in 
superior  guidance  performance  compared  to  pure  inertial 
guidance  alternatives.  Furthermore,  as  the  GPS  utilizes 
L-band  transmission  frequencies,  its  performance  is 
virtually  unaffected  by  weather.  Recent  trends  in  GPS 
receiver  developments  have  made  embedded  GPS 
receiver  modules  even  less  costly  than  the  inertial  sensors 
required  in  typical  GPS-inertial  guidance  systems. 


Values  (meters  CEP) 

Error 

Sources 

Conventional 

GPS 

Relative 

GPS 

Comments 

GATS 

targeting  error 

3-5 

3-5 

GPS-aided 

SAR 

Steering 

error 

1 

1 

Typical  peak 
transient  error 

Navigation 

error 

10 

1  -2 

Horizontal 

position 

Total  (RSS) 

10.5-11.2 

3.3  -  5.5 

<3  m  CEP  for 
“precision” 

Figure  2.  Total  Weapon  Delivery  Error  Budget 


Relative  GPS  exploits  the  same  phenomena  as  DGPS  to 
provide  comparable  accuracies  in  a  mobile  environment. 
DGPS  can  provide  position  accuracies  on  the  order  of 
1  meter  by  using  a  stationary  “base  station”  at  a  surveyed 
location.  Unlike  DGPS,  Relative  GPS  does  not  require  a 
base  station  and  consequently  cannot  improve  absolute 
accuracies.  Instead,  it  provides  a  similar  degree  of 
relative  position  accuracy  between  the  mobile  GPS- 
equipped  targeting  platform  and  the  GPS-guided  inter¬ 
ceptor.  The  implementation  challenge  is  to  maintain,  in  a 
robust  manner,  maximal  correlation  between  the  GPS  bias 
errors  inherent  in  the  target  coordinates  and  those  realized 
by  the  guided  weapon. 

GPS-based  guidance  provides  the  benefits  of  accuracy 
maintenance,  insensitive  of  flyout  range  (Figure  3).  This 
feature  can  be  used  to  relax  the  accuracy  requirements 
otherwise  translated  to  the  weapon’s  inertial  measurement 
unit  (IMU)  (although  inertial  aiding  of  GPS  receivers  for 
antijam  improvement  typically  stresses  IMU  requirements 
to  the  limits  of  affordability).  Analysis  of  spatial  decor¬ 
relation  affects  shows  that,  for  typical  tactical  scenarios. 
Relative  GPS  guidance  provides  a  similar  benefit. 

Relationship  to  GATS 

The  GATS  SAR  algorithms  produce  a  designated  target 
location  in  GPS  coordinates.  Examination  of  these 
algorithms  reveals  that  the  GPS  position  solution  errors 
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Comparison  of  pure  inertial  versus  Relative  GPS  navigation  accuracies 


Figure  3.  Relative  GPS  Guidance  Accuracy  Is  Much  Less  Sensitive  to  Flyout  Range 


from  the  targeting  platform’s  GPS  receiver  transfer  into 
the  target  coordinates  in  an  untransformed  manner. 
Therefore,  the  objective  of  the  Relative  GPS  mechaniza¬ 
tion  is  to  maintain  maximal  correlation  of  the  weapon 
GPS  position  solution  bias  errors  to  those  of  the  targeting 
platform.  Maintaining  this  strong  bias  correlation  is  the 
key  to  Relative  GPS  guidance  accuracy,  making  Relative 
GPS  implementation  a  system  design  issue. 

THEORETICAL  BASIS 

DGPS  implementations  typically  employ  a  GPS  receiver 
at  a  precisely  known  location  (base  station)  to  observe  the 
bias-like  (slowly  varying)  errors  in  the  pseudorange 
measurements  from  each  SV.  These  errors  (differential 
corrections)  are  then  transmitted  to  all  users  within  the 
vicinity.  The  base  station  is  usually  an  all-in-view 
receiver  that  computes  and  transmits  corrections  for  all 
visible  SVs. 

A  DGPS  remote  receiver  then  performs  SV  selection, 
acquisition,  and  tracking  using  normal  operations,  but  it 
applies  the  received  corrections  to  each  pseudorange 
measurement  prior  to  computing  its  position  solution.  In 
this  manner,  absolute  position  accuracies  much  better  than 
the  GPS  precise  positioning  service  (PPS)  levels  are 
achieved.  The  value  of  each  observed  bias  depends  on 
time  and  the  line  of  sight  through  the  atmosphere.  The 
degree  to  which  to  these  bias-like  errors  are  eliminated 
from  the  position  solution  depends  on  their  spatial  and 
temporal  variations  between  the  base  station  and  the 
remote  receiver. 


Review  of  DGPS  Phenomenology 

A  review  of  standard  GPS  error  budgets  reveals  that  the 
total  GPS  absolute  error  budget  is  comprised  of  bias-like 
(slowly  varying)  error  sources  [5-8].  This  is  the 
theoretical  basis  for  DGPS  performance.  The  error 
budget  in  Figure  4  is  segmented  into  noise-like  and  bias¬ 
like  errors  based  on  assumed  operational  durations 
typically  less  than  5  minutes.  User  clock  error  is  assumed 
to  be  well  estimated  by  both  receivers  and  is  therefore  not 
included  as  a  bias-like  error.  Time  transfer  error  may 
cause  a  transient  in  the  second  receiver’s  solution,  but  the 
effect  on  steady-state  position  solution  bias  can  be 
expected  to  be  small. 


GPS  Noise-like  Errors 

la  Values 

Multipath 

1.0  m 

Quantization 

0.1 

Receiver  noise 

0.5 

Total  noise-like  error 

1.1 

GPS  Bias-like  Errors 

la  Values 

Satellite  ephemeris 

3.0  m 

Satellite  clock 

3.0 

Tropospheric  residual 

1.0 

Ionospheric  residual 

1.0 

Total  bias-like  error 

4.5 

Total  absolute  GPS  error: 

RSS  (4.5+  1.1)x(DOP  = 

=  1.7)  =  8  m 

Figure  4.  Representative  GPS  Error  Budget 
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The  performance  of  DGPS  or  Relative  GPS  depends  then 
on  the  ability  to  achieve  bias  cancellation  over  distance 
and  time.  A  survey  of  DGPS  phenomenology  indicates 
expected  temporal  and  spatial  variations  in  relative  errors, 
as  summarized  in  Figures  5  and  6. 


Figure  5.  GPS  Bias  Cancellation  Error  Over  Distance 
(Spatial  Decorrelation) 


Figure  6.  GPS  Bias  Cancellation  Error  Over  Time 
(Temporal  Decorrelation) 


These  results  show  that  sufficient  bias  cancellation  can  be 
achieved  over  times  and  distances  that  are  small 
compared  to  most  tactical  engagement  scenarios. 

EVALUATION  OF  RELATIVE  GPS 
IMPLEMENTATIONS 

The  implementation  problem  then  becomes  one  of  how  to 
maximize  the  realized  degree  of  bias  cancellation  in  the 
presence  of  real  operational  events.  In  addition  to  the 
errors  in  Figure  4,  we  must  allow  for  an  implementation 


error  to  account  for  deviations  from  maximal  bias 
correlation. 

Tracking  the  Same  Four  Satellites 

A  simplistic  idea  for  maintaining  bias  cancellation  is  to 
have  the  weapon  GPS  receiver  track  the  same  four 
satellites  as  the  targeting  platform.  Unfortunately,  this 
approach  lacks  robustness  due  to  several  operational 
factors. 

First,  SV  visibility  (masking)  changes  may  affect  both 
GPS  receivers  during  the  operational  timeline,  causing 
constellation  changes  to  occur.  Constellation  changes  just 
before  or  during  the  targeting  process  may  result  in  a 
targeting  platform  bias  error  that  is  correlated  to  more 
than  four  SVs.  The  time  constant  of  the  Kalman  filter 
response  would  determine  the  “best  four”  SVs  for  the 
weapon  receiver  to  track.  A  conventional  SV  selection 
algorithm  could  significantly  degrade  bias  cancellation 
and  Relative  GPS  performance. 

Second,  Kalman  filter  gain  computations  are  explicitly 
dependent  on  the  Jamming  and  atmospheric  environments 
and  on  vehicle  trajectory.  At  the  point  in  time  when 
target  coordinates  are  computed,  the  targeting  platform 
position  bias  errors  contain  a  linear  combination  of  four 
or  more  SV-dependent  bias  errors.  The  weighting  factor 
on  each  error  is  an  accumulation  of  Kalman  gain  histories 
that  are  (GPS  receiver)  algorithm  dependent.  Even  if  the 
aircraft  and  weapon  receivers  tracked  identical  constel¬ 
lation  histories  at  the  same  location,  they  could  produce 
different  solution  biases.  Additionally,  the  same  constel¬ 
lation  histories,  when  subjected  to  different  ECM 
histories,  would  produce  different  gain  histories  and 
therefore  different  solution  biases. 

A  robust  implementation  approach  must  consider  these 
deviations.  Many  improvements  are  possible,  each  with  a 
different  mixture  of  benefits  and  limitations.  Four  ideas 
currently  under  study  are  discussed  below. 

Implementation  Ideas  for  Investigation 

In  this  study,  four  independent  mechanization  elements 
have  been  identified  and  evaluated.  The  benefits  and 
implications  of  each  are  discussed.  The  objective  of  each 
technique  is  to  maintain  maximal  correlation  between  the 
GPS  bias  errors  inherent  in  the  (GPS-aided)  target  coordi¬ 
nates  and  the  GPS  bias  errors  in  the  weapon  navigation 
solution.  By  maintaining  good  bias  error  correlation, 
accurate  Relative  GPS  guidance  accuracy  is  achieved. 

Satellite  Correlation  Vector 

The  first  approach  employs  a  satellite  correlation  vector 
(SCV)  algorithm  to  monitor  the  operations  in  the  targeting 
system  GPS  receiver  to  identify  which  SVs  the  target 
coordinates  are  correlated  to  at  all  times.  The  outputs  of 
this  algorithm  would  provide  information  to  the  weapon 
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GPS  receiver  for  use  in  its  satellite  selection.  The 
generation  of  this  additional  information  provides  for  a 
more  sophisticated  version  of  the  “track-the-same-four- 
satellites”  notion.  The  potential  drawbacks  of  this 
approach  are  the  need  for  access  to  data  from  the  targeting 
platform  GPS  not  normally  provided  on  a  standard  GPS 
interface  and  the  throughput  required  for  the  SCV 
algorithm.  An  SCV  algorithm  and  corresponding  data 
access  requirements  are  currently  in  development. 

This  mechanization  can  be  implemented  by  deriving 
information  that  describes  how  the  biases  on  the  pseudo¬ 
range  measurements  map  into  biases  inherent  in  the 
position  solution.  A  sensitivity  matrix  or  satellite 
correlation  vector  can  be  computed  from  the  Kalman  filter 
gain  and  state  transition  matrices  to  approximate  this 
mapping.  The  matrix  would  be  used  to  aid  satellite 
selection  to  minimize  of  the  CEP  given  a  bias  shift,  if 
constellation  shifts  occur  during  the  trajectory. 

An  error-covariance  analysis  was  performed  to  evaluate 
the  consequences  of  replacement  satellite  selection  on 
Relative  GPS  navigation  accuracy.  The  horizontal  navi¬ 
gation  CEP  was  computed  for  all  four  SV  constellations 
possible  via  replacement  of  a  lost  satellite  (from  the 
original  constellation  tracked  during  the  targeting  opera¬ 
tion).  Also  computed  for  comparison  were  (1)  the  naviga¬ 
tion  CEP  achieved  when  the  original  constellation  was 
tracked  throughout  the  flight  (no  loss  of  GPS)  and  (2)  the 
accuracy  achieved  when  no  replacement  SV  was  utilized 
(use  only  3  SVs).  Figure  7  summarizes  the  simulation 
results.  These  results  show  that  selection  of  the  replace¬ 
ment  satellite  can  dramatically  affect  the  resultant  weapon 
navigation  terminal  CEP.  As  expected,  in  all  cases  evalu¬ 
ated  here  the  accuracy  is  worse  than  when  the  original 
constellation  is  tracked  throughout  the  trajectory  (no  loss 
of  GPS). 


An  interesting  finding  is  that,  in  some  cases,  the  final 
accuracy  is  actually  better  if  no  replacement  SV  is 


Weapon  TTF 

Fast 

Conventional 

Weapon  IMU  quality 

1  deg/hr 

1  deg/hr 

1  mg 

1  mg 

0.075  deg/rt-hr 

0.075  deg/rt-hr 

No  loss  of  GPS 

2.10 

2.11 

Use  only  3  SVs 

2.21 

4.67 

Satellite  combination 

Navigation  CEP  (Horizontal) 

1 

4.99 

8.42 

2 

3.22 

49.4 

3 

4.13 

4.52 

4 

4.83 

8.99 

5 

4.69 

7.58 

6 

4.69 

10.31 

7 

5.05 

5.74 

Figure  7.  Simulation  Results  (50-km  Weapon  Flyout) 
Show  Impact  of  Alternate  Satellite  Selection  on 
Relative  GPS  Performance 


selected.  This  is  explained  by  the  fact  that,  even  with  a 
good  tactical  grade  IMU,  the  navigation  CEP  growth  due 
to  IMU  errors  is  small  compared  to  the  bias  shift  incurred 
by  the  best  alternate  constellation. 

The  operational  implication  of  these  results  is  that  pre¬ 
launch  (e.g.,  mission  planning)  computations  can  deter¬ 
mine  whether  or  not  selection  of  a  replacement  satellite 
would  provide  greater  accuracy  than  simply  tracking 
those  remaining  from  the  original  constellation.  This 
computation  would  depend  on  the  time-to-go  at  the  time 
of  satellite  loss  and  the  quality  of  the  weapon  IMU.  In 
those  cases  where  a  replacement  SV  can  provide  better 
performance,  an  SCV  calculation  must  be  employed  to 
correctly  identify  the  best  replacement.  A  suboptimal 
selection  can  produce  very  large  navigation  errors. 

High  Elevation  Mask 

The  second  approach  employs  an  appropriately  large 
elevation  mask  angle  in  the  targeting  system  GPS  receiver 
to  ensure  that  its  selected  constellation  (during  targeting) 
is  likely  to  be  visible  to  the  weapons  during  their  engage¬ 
ment  timelines.  The  potential  drawbacks  of  this  approach 
are  reduced  SV  visibility  probabilities  and  degraded 
GDOP  in  the  absolute  accuracies. 

The  use  of  a  high  elevation  mask  angle  to  ensure  visibility 
of  the  same  satellites  to  both  the  weapon  and  the  targeting 
aircraft  depends  on  the  duration  of  the  total  mission  time¬ 
line,  the  amount  of  (line-of-sight)  motion  of  the  satellites, 
and  the  resulting  impact  on  acquisition  and  dilution  of 
precision  parameters. 

For  ownship  targeting  cases,  mission  duration  (start  of 
targeting  to  weapon  impact)  depends  on  the  ingress 
velocity  of  the  targeting  aircraft,  average  velocity  of  the 
weapon,  and  the  targeting  range.  For  targeting  ranges 
of  50  to  100  km,  mission  durations  are  typically  5  to 
10  minutes.  Advanced  targeting  systems  with  longer 
range  capabilities  could  extend  mission  durations  to  15 
to  20  minutes. 

Comparing  these  numbers  with  the  characteristics  of  the 
GPS  satellite  constellation,  we  find  that  mission  timelines 
in  the  range  of  5  to  20  minutes  would  require  a  corre¬ 
sponding  increase  in  GPS  receiver  elevation  mask  angles 
by  2.5  to  10°.  To  avoid  large  atmospheric  errors  from 
satellite  signals  near  the  horizon,  GPS  receivers  typically 
might  employ  a  minimum  elevation  mask  angle  of  5  to 
10°.  The  increased  mask  angle  for  Relative  GPS  would 
be  added  to  this  minimum,  as  summarized  in  Figure  8. 

To  determine  the  effect  of  increased  elevation  mask  angle 
on  Relative  GPS  performance,  global  and  time  averages 
were  computed  using  actual  GPS  satellite  orbital 
parameters. 

Figure  9  summarizes  the  cumulative  probability  of 
satellite  visibility  for  total  elevation  mask  angles  up  to 
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Mission 

Duration 

(min) 

Mask  Increase  for 
Relative  GPS 
(deg) 

Total  Relative  GPS 
Elevation  Mask 
(deg) 

5 

2.5 

12.5 

10 

5 

15 

15 

7.5 

17.5 

20 

10 

20 

Figure  8.  Total  Elevation  Mask  Required 


Figure  9.  Cumulative  Probability  of  Satellite  Visibility 
With  Various  Elevation  Mask  Angles 


40°.  The  satellite  lines-of-sight  change,  relative  to  a 
stationary  observer,  is  an  approximate  rate  of  0.5  deg/min. 
Thus,  the  5°  increments  between  the  parametric  curves 
shown  would  correspond  approximately  to  10-minute 
intervals  in  total  mission  time. 

To  allow  for  satellite  reliability,  we  consider  five  visible 
satellites  with  98  percent  visibility  to  be  a  minimum 
acceptable  threshold  for  evaluation  of  this  technique.  The 
analysis  results  above  indicate  that  mask  angles  up  to  15° 
can  provide  threshold  capability.  Based  on  typical 
engagement  geometries,  this  would  limit  mission  time¬ 
lines  to  approximately  10  minutes.  Next,  these  results 
were  translated  to  quantify  the  effects  of  elevation  mask 
angle  on  satellite  visibility  and  dilution  of  precision.  The 
results  are  summarized  in  Figures  10  through  14. 

Computations  were  made  using  constraints  of  PDOP 
<100  and  PDOP  <6  on  selection  of  points  within  the 
analysis  program.  The  PDOP  <100  results  therefore 
indicate  higher  availabilities  and  higher  DOPs,  while  the 
PDOP  <6  results  are  more  indicative  of  how  an  actual 
GPS  receiver  would  perform.  (Although  not  usually 
noted,  some  constraint  is  usually  implicit  in  published 
DOP  statistics  to  eliminate  near-singular  solutions  from 
the  statistics.) 


Figure  10.  Availability  and  DOP  as  Function  of 
Elevation  Mask  (PDOP  <100,  i.e.,  Virtually 
Unconstrained) 

Based  on  Figure  11,  limiting  the  elevation  mask  to  15° 
provides  about  96.5  percnt  availability.  Degradation  of 
HDOP  and  GDOP  values  (compared  to  a  10°  elevation 
mask)  are  9  and  18  percent,  respectively.  The  suitability 
of  these  degraded  levels  depends  on  the  specifics  of  a 
particular  system  mechanization. 


Constraint:  PDOP  <6 
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Figure  11.  Availability  and  DOP  as  Function  of 
Elevation  Mask  (PDOP  <6,  i.e.,  Realistically 
Constrained) 
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Fixed-point  Smoother 

The  third  approach  considered  is  a  fixed-point  smoother 
algorithm  designed  to  estimate  shifts  in  the  targeting 
system  GPS  position  bias.  A  shift  in  bias  may  be 
observable  if  the  estimator  has  access  to  the  GPS  receiver 
position  outputs  and  knowledge  of  constellation  change 
events.  The  potential  drawback  of  this  approach  is  the 
indirect  nature  of  the  bias  cancellation.  An  undeclared 
bias  shift  event  may  not  be  detected  by  the  algorithm, 
resulting  in  degraded  accuracy.  Also,  additional 
computational  throughput  is  required  for  the  additional 
estimator. 

The  CEP  results  quoted,  based  on  a  weapon  trajectory 
shaped  to  produce  a  90  dive  angle  into  the  target,  are  in 
the  horizontal  plane.  Different  dive  angles  can  produce 
different  CEPs  for  a  given  weapon  midcourse  trajectory. 

Figure  12  summarizes  the  results  of  an  error-covariance 
study  for  two  trajectories  to  illustrate  the  use  of  the  fixed- 
point  smoothing  algorithm.  The  cases  explore  variations 
in  this  Relative  GPS  implementation.  The  row  labeled 
aNominal  has  no  constellation  shift.  The  row  labeled 
aConstellation  shift,  no  Q  bump  shows  the  degradation 
in  performance  that  occurs  when  a  constellation  shift 
occurs  and  nothing  is  done  to  compensate  in  the  weapon 
navigation  filter.  The  row  labeled  aConstellation  shift 
with  Q  bump  shows  what  happens  if  large  process  noise 
is  introduced  (Q  bumping)  into  the  weapon  navigation 
filter.  While  this  filter  tuning  operation  is  commonly 
employed  in  GPS  receivers,  it  can  easily  worsen  Relative 
GPS  performance.  The  final  row  shows  the  results  with 
the  Q  bump  and  the  fixed-point  smoother.  The  success  in 
providing  Relative  GPS  performance  (approaching  that 
without  a  constellation  shift)  indicates  that  the  bias  shift  is 
observable  and  correctable  using  this  approach. 


Parameter 

Short  Trajectory 
(meters  CEP) 

Medium 
Trajectory 
(meters  CEP) 

Nominal 

1.3 

2.1 

Constellation  shift, 
no  Q  bump 

2.3 

4.9 

Constellation  shift 
with  Q  bump 

7.8 

8.5 

Constellation  shift 
with  Q  bump  plus 
fixed-point  smoother 

1.5 

2.5 

Figure  12.  Simulation  Results  Show  That  Fixed-point 
Smoother  Can  Estimate  and  Compensate  for  Bias  Shift 


Line-ofSight  Dot  Product 

A  fourth  approach  considered  is  a  line-of-sight  (LOS)  dot 
product  algorithm,  a  simple  modification  to  the  weapon 
SV  selection  algorithm.  Here,  an  attempt  is  made  to  track 
the  same  four  satellites  as  the  targeting  system  GPS 


receiver.  When,  however,  one  or  more  are  not  visible,  a 
replacement  would  be  selected  on  the  basis  of  minimal 
angular  difference  in  the  LOS  angle  relative  to  the 
originally  desired  S  V.  This  approach  is  based  on  the 
assumption  that  a  significant  portion  of  the  total  bias  error 
is  atmospherically  dependent  and  therefore  spatially 
correlated.  The  degradation  of  relative  accuracy  would 
therefore  be  minimized  by  maintaining  a  constellation  as 
close  as  possible  to  the  original  LOS  angles  of  the  one 
employed  by  the  GPS  receiver  during  the  targeting 
operation.  An  obvious  drawback  of  this  easy-to- 
implement  approach  is  that  only  atmospheric  bias  errors 
are  expected  to  be  spatially  correlated,  while  errors  that 
are  SV  dependent  (e.g.,  SV  clock)  are  not. 

The  analysis  of  this  approach  was  based  on  a  global  and 
time  averaging  of  satellite  visibility  factors.  Beginning 
with  the  minimum  GDOP  constellation,  the  angular 
distance  to  the  nearest  visible  alternate  satellite  was 
determined.  Statistics  were  accumulated  over  time  at 
each  position  point  (Figure  13). 


Figure  13.  LOS  Dot  Product  Analysis  Results 
Mean  Distance  to  Nearest  Alternate 
SV  is  38.8 


The  resulting  aggregate  mean  was  computed  to  be  38.8  , 
with  an  aggregate  standard  deviation  of  9.6  .  These 
values  may  be  compared  to  the  GPS  satellite  constellation 
configuration  that  consists  of  four  satellites  in  each  of  six 
orbital  planes.  Although  they  are  not  uniformly  spaced 
within  these  planes,  the  average  distance  between  satel¬ 
lites  would  be  90  .  The  six  planes  are  spaced  30  apart 
(in  right  ascension).  It  is  therefore  almost  certain  that  the 
nearest  alternate  satellite  would  reside  in  an  orbital  plane 
other  than  the  original. 

Figure  13  shows  a  surface  plot  from  the  analysis  data 
generated  as  described  above.  An  apparent  correlation  to 
longitude  is  confirmed  when  viewed  from  the  elevation 
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perspective.  The  latitude  perspective,  however,  shows  no 
correlation  to  latitude. 

Unfortunately,  a  mean  angular  change  of  40°  would  be 
expected  to  result  in  significant  variation  in  atmospheric 
group  delay,  particularly  when  large  elevation  excursions 
occur.  This  result  therefore  implies  that  this  simple 
implementation  approach  would  be  inferior  in  Relative 
GPS  performance  to  alternatives  that  attempt  to  avoid  a 
constellation  change. 

SUMMARY 

We  have  shown  that  a  near-precision  strike  can  be 
achieved  using  GPS-aided  targeting  and  a  weapon 
without  a  seeker,  assuming  it  has  sufficiently  accurate 
terminal  steering  capability.  The  desires  for  all-weather 
operation  and  affordability  are  supported  by  the  use  of 
Relative  GPS  guidance  to  eliminate  the  need  for  a  weapon 
seeker  for  terminal  homing.  Differential  GPS  phenome¬ 
nology  results  are  used  to  define  theoretical  accuracies 
achievable  using  Relative  GPS. 

A  number  of  potential  implementation  errors  exist  which 
may  limit  the  realized  accuracy  of  Relative  GPS.  The 
simple  notion  of  tracking  the  same  four  satellites  as  the 
targeting  platform  carries  significant  operational  limita¬ 
tions.  Four  implementation  ideas  offer  the  potential  to 
improve  robustness  and  increase  the  likelihood  of 
approaching  theoretical  performance,  with  minimal 
impact  on  existing  systems. 


In  summary,  each  of  the  four  candidate  implementations 
provides  some  degree  of  robustness.  The  findings  and 
implications  are  summarized  in  Figure  14. 
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ABSTRACT 

Low-cost,  all-weather,  precision-strike  weapon  delivery 
without  the  need  for  expensive  seeker-based  guidance  is  of 
interest  to  the  DoD  community.  This  paper  presents 
concepts  based  on  a  militarized  version  of  Differential 
GPS  (DGPS)  that  offers  potential  submeter,  GPS-based 
navigation  accuracies.  Key  features  of  the  DoD  DGPS 
concept  enable  reference  receiver/user  separations  in  excess 
of  1 000  nmi  and  DGPS  correction  latencies  of  30  min  or 
more.  This  technology  could  potentially  be  transferred 
into  the  GPS  system  infrastructure  to  allow  submeter, 
Precise  Positioning  Service  accuracy. 

Results  from  a  concept  feasibility  demonstration  of  a 
long-baseline  (2000-nmi)  DGPS  experiment  are  presented. 
Application  of  this  principle  to  a  CONUS-wide  DGPS 
network  using  four  authorized  GPS  reference  receiver  sites 
is  also  presented,  including  measurements  of  network 


correction  accuracies.  The  Joint  Direct  Attack  Munition 
(JDAM)  program  sponsored  development  and 
demonstration  of  this  concept;  however,  the  technology  is 
applicable  to  virtually  every  authorized  GPS  receiver. 

INTRODUCTION 

Four  independent  teams  conducted  nine-month  Concept 
Exploration  studies  for  the  JDAM  program  in  response  to 
a  3-m  circular  error  probable  (CEP)  "precision  kit" 
accuracy  requirement.  Low  cost,  all-weather,  launch  and 
leave,  and  in-flight  retargeting  capability  were  also 
fundamental  requirements.  Although  multiple  seeker 
guidance  technologies  were  the  principal  focus  of  the 
study  teams,  non-seeker  solutions  were  also  sought. 

On  completion  of  various  tradeoff  investigations,  SRI 
International’s  study  results  strongly  supported  a  non¬ 
seeker,  differential  GPS  (DGPS)  approach  from  the 
standpoints  of  all-weather,  lowest  cost,  and  performance. 

A  strong  factor  for  this  conclusion  was  that  JDAM  already 
envisioned  using  GPS  integrated  with  an  Inertial 
Navigation  System  (INS)  guidance  package  in  its  weapon 
concept.  This  low-cost,  GPS-INS  tailkit  would  be  affixed 
to  either  an  Mk  84  2000-lb  bomb  or  a  BLU-109 
penetrator.  Incorporating  DGPS  into  this  unit  should  be 
technically  straightforward  and  very  low  cost. 

The  JDAM  product  improvement  program  further 
pursued  the  DGPS  option,  asking  SRI  to  perform  a  long- 
baseline  wide-area  DGPS  (WADGPS)  experiment, 
followed  by  development  of  a  four-station  WADGPS 
network.  SRI  developed  and  supported  this  network  from 
July  1994  to  June  1995  under  the  Exploitation  of  DGPS 
for  Guidance  Enhancement  (EDGE)  High  Gear  program 
conducted  at  Eglin  AFB,  FL. 

This  paper  presents  results  from  this  work,  showing 
the  feasibility  of  achieving  meter-level  Precise 
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Table  1:  CIVILIAN  vs  MILITARY  DGPS 


Positioning  Service  (PPS)  navigation  accuracy  for  the 
weapon  guidance  unit,  leaving  a  balance  of  2.8  m  for 
targeting  and  guidance  errors  out  of  a  total  3  m  CEP  error 
budget. 

BACKGROUND 

The  DGPS  process  has  been  honed  by  the  civilian 
GPS  community  to  provide  very  high  levels  of  accuracy 
for  the  commercial  receiver  market.  Most  civil  DGPS 
architectures  compensate  for  ionospheric  delays,  satellite 
clock  and  ephemeris  errors,  and  selective  availability  (SA) 
clock  dither.  DGPS  attempts  to  remove  these  error 
sources,  illustrated  in  Figure  1,  by  means  of  pseudorange 
corrections  generated  by  a  surveyed  GPS  receiver  station 
[Blackwell]. 

However,  effectively  applying  DGPS  to  military 
operational  situations  required  an  approach  that  transcended 
several  basic  constraints  of  civilian  DGPS.  One 
constraint  to  civilian  DGPS  is  the  need  to  maintain 
relatively  close  proximity  between  the  user  of  the  DGPS 
correction  and  the  Reference  Receiver  (RR)  station. 
Typically,  a  user  receiver  is  separated  from  the  RR  site  by 
a  baseline  of  no  more  than  300  nmi  to  preserve 
commonality  of  the  lines  of  sight  to  each  satellite.  This 
baseline  limitation  (necessary  to  compensate  for 
ionospheric  signal  delay)  is  obviously  a  considerable 
problem  in  military  battlefield  situations.  A  second 
constraint  is  the  need  for  a  continuous  datalink,  sending 
correction  updates  at  rates  up  to  1  Hz  to  offset  the  effects 
of  SA  clock  dither. 

If  one  redefines  DGPS  for  only  authorized  (keyed), 
dual-frequency  GPS  receivers,  immediate  advantages  accrue 
for  the  military  user  who  is  capable  of  using  ionosphere- 
free  L1/L2  pseudorange  measurements.  For  example, 
baseline  lengths  are  no  longer  constrained  to  maintaining 
common  ionospheric  lines  of  sight,  and  are  therefore  only 
limited  by  satellite  visibility  and  (to  a  lesser  extent) 
satellite  orbital  error  projection  differences  induced  by 
different  satellite-receiver  geometry.  Also,  without  SA, 
correction  update  rates  can  be  drastically  reduced.  In  effect, 
a  military  dual-frequency  DGPS  correction  need  only 
compensate  for  a  satellite's  clock  and  ephemeris  drift. 

Table  1  summarizes  the  key  principles  of  this 
militarized  DGPS  approach  by  comparing  the  correction 
message  content  and  characteristics  between  conventional 
DGPS  and  the  militarized  concept. 


Civilian  Receivers 

DoD  Receivers 

Major  Error  Sources 

Selective  Availability 

SA  Removed  by  Key 

Ionospheric  Delay 

lono  Measurement  (L-1/L2) 

Satellite  Clock 

Satellite  Clock 

Skellite  Position 

Satellite  Position 

T ropospheric  Model 

Tropospheric  Model 

Multipath 

Multipath 

DGPS  Correction  Properties 

10-60  updates/min 

update/30  min 

<  300-400  nmi 

Baselines  limited  only  by  satellite 

baselines 

visibility  (global  applicability) 

□  =  Differential  Correction  Content 


MILITARY  WADGPS  SYSTEM  CONCEPT 

The  strength  of  the  military  WADGPS  concept  is  that 
it  can  provide  DGPS  accuracy  without  the  need  for  RRs 
and  added  datalinks  in  the  theater  of  operations.  We 
recognize  that  a  classical  DGPS  implementation  for 
military  applications  can  be  viewed  as  essentially  a 
system  "band-aid,”  adding  RRs  and  datalinks  where  they 
were  not  originally  intended.  But  using  RR  network 
technology  to  augment  the  Operational  Control  System 
(OCS)  monitoring  capability  and  using  the  GPS 
navigation  message  as  the  datalink  blurs  the  distinction 
between  DGPS  and  what  is  simply  a  more  accurate  signal 
in  space  (SIS).  So,  although  many  of  these  concepts  are 
demonstrated  in  a  DGPS  context,  one  can  envision  that 
their  eventual  implementation  might  be  in  the  form  of  a 
control  segment  enhancement. 

Enhanced  PPS  navigation  accuracy  can  be  achieved 
through  successful  implementation  of  four  principal 
system  elements: 

•  Reference  Receiver  Network  (RRN) 

•  Datalink  to  PPS  user 

•  PPS  receiver  and  measurement  environment 

•  Target  location  and/or  mapping  information. 

Reference  Receiver  Network 

Due  to  problems  with  satellite  visibility,  as  well  as  to 
variations  in  atmospheric  delays,  a  single  RR  cannot 
provide  accurate  DGPS  corrections  over  a  wide  area 
(beyond  a  roughly  300-mi  radius)  without  significant 
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FIGURE  1  GPS  MEASUREMENT  ENVIRONMENT 


accuracy  degradation.  A  network  of  widely  dispersed  RRs 
overcomes  this  limitation  and  permits  use  of  significantly 
larger  theaters  of  operation  (RRs  can  be  placed  1000  nmi 
or  more  from  user  receivers). 

In  general,  any  RRN  (including  that  of  the  NAVSTAR 
OCS)  consists  of  a  group  of  monitor  stations,  datalinks 
from  the  monitor  stations  to  some  central  site,  and  a 
centralized  filter.  The  monitor  stations  act  as  sensors, 
measuring  pseudorange  and  integrated  carrier  phase  to  each 
space  vehicle  (SV)  and  sending  these  measurements  along 
to  the  centralized  filter  for  processing.  The  filter 
combines  the  raw  measurements  to  generate  a  set  of 
corrections.  The  clock  bias,  atmospheric  delay,  multipath 
environment,  solid  earth  tide  state,  and  survey  error  at  each 
monitor  station  must  be  accounted  for  independently  to 
achieve  the  sustained  accuracy  required  for  submeter  PPS 
navigation. 

Correction  Datalink 

It  is  difficult  to  conceive  of  a  datalink  more  convenient 
than  the  navigation  message  built  into  the  GPS  structure, 
since  all  users  by  definition  have  the  datalink  receiver  and 
the  coverage  can  be  global.  Spare  pages  in  Subframe  4  of 
the  navigation  message  are  ideal  candidates  to  carry  a  list 
of  corrections  for  all  satellites  in  the  constellation, 
particularly  since  it  is  currently  difficult  to  update  the 
ephemerides  in  Subframes  1-3  of  all  SVs  directly. 

In  December  1993,  in  a  briefing  to  the  Joint  GPS 
Working  Group  (JGWG),  SRI  presented  the  concept  of 
using  the  navigation  message  as  the  differential  correction 
datalink.  In  June  1995,  Second  Space  Operations 


Squadron  (2SOPS)  pursued  a  variant  of  this  idea  by 
embedding  expected  range  deviations  (ERDs)  for  each 
satellite  as  a  correction  list  in  page  13  of  Subframe  4 
[Butts  and  Shank].  These  classified  ERDs  (which  are 
encrypted)  do  not  contain  SA  clock  dither. 

In  a  precision-guided  munition  (PGM)  operational 
context,  the  aircraft  platform  carrying  the  GPS-guided 
munition  would  normally  use  its  embedded  GPS  avionics 
receiver  to  read  the  navigation  messages  from  all  SVs  in 
view  and  transfer  corrected  ephemeris  data  to  the  weapon 
prior  to  its  release.  Thus,  the  set  of  corrections  as  well  as 
the  target’s  coordinates  are  transferred  to  the  munition 
along  with  the  standard  GPS  initialization.  If  sufficiently 
accurate  broadcast  SV  clock  and  position  information  is 
not  yet  available,  alternate  datalinks  such  as  the  improved 
data  modem  (IDM)  could  be  used. 

Authorized  GPS  Receivers 

With  few  (if  any)  modifications,  a  PPS  receiver  would 
be  able  to  use  DGPS  corrections  to  improve  its  accuracy. 
However,  user  receiver-related  error  sources  would  likely 
become  the  major  error  contributor  once  SIS  errors  are 
reduced.  For  highest  accuracies,  these  errors  can  be 
reduced  using  straightforward  techniques  developed  in  the 
civilian  community.  Multipath  can  be  avoided,  measured, 
calibrated,  and/or  carrier-smoothed  (along  with 
pseudorange  measurement  noise).  Tropospheric  models 
can  be  refined.  Receiver  channels  can  be  added  to  track 
both  frequencies  simultaneously  and  all  SVs  in  view. 
Satellite-selection  algorithms  can  be  improved  to  account 
for  changes  in  error  sources  as  well  as  provide  more 
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flexible  user-selectable  options.  And  navigation  filters 
can  be  tuned  with  submeter  accuracy  in  mind. 

Targeting  and  Mapping 

Accurate  target  coordinates  and/or  map  information  are 
required  for  many  GPS  applications,  including  a 
"seekerless”  PGM.  Although  the  enhancements  we 
propose  can  reduce  targeting  errors,  a  comprehensive  look 
at  the  complex  issues  of  targeting  and  mapping  are 
sensitive  and  outside  the  scope  of  this  paper.  We  should 
mention,  however,  that  the  DGPS  RRN  could  itself  be 
used  as  an  aid  to  targeting  by  providing  precise  SV  clock 
and  ephemeris  corrections  in  real  time.  These  corrections 
could  be  used  in  the  process  of  establishing  control  points 
within  an  image.  A  demonstration  of  this  process  is 
discussed  in  the  results  section  of  this  paper. 


Notional  System  Design 

Figure  2  depicts  one  potential  military  DGPS 
implementation.  Measurements  are  collected  from  a  small 
RRN  surrounding  the  theater  of  operations  to  ensure 
correction  availability  for  all  SVs  in  view  from  the 
theater.  In  this  example,  the  list  of  all  corrections  are 
packed  into  a  page  in  Subframe  4  and  uploaded  to  an  SV 
in  the  theater.  The  uploaded  corrections  from  each  SV 
will  be  broadcast  once  every  12.5  minutes.  (Note  that 


each  SV  will  have  a  different  list,  with  varying  correction 
ages.)  Each  authorized  receiver  in  view  of  an  SV  will  be 
able  to  read  and  decrypt  its  associated  corrections.  Age  of 
uploaded  corrections  is  expected  to  be  on  the  order  of  30 
minutes,  with  update  rates  of  once  per  hour  or  longer. 

A  variant  of  this  wide-area  theater  network  concept  was 
implemented  in  the  EDGE  demonstration  at  Eglin  AFB, 
FL. 


CONCEPT  VALIDATION 

SRI  conducted  a  long-baseline  experiment  in  early 
1994  as  a  precursor  for  a  potential  JDAM-like  wide-area 
DGPS  (WADGPS)  implementation,  and  to  validate  some 
of  the  assumptions  of  the  system  concept. 

Experiment  Implementation 

Three  Ashtech  Z-12  dual-frequency  GPS  receivers  were 
placed  along  an  approximately  2300-nmi  line  of  SRI 
offices,  as  shown  in  Figure  3.  Each  site’s  antenna 
location  was  surveyed  by  the  Defense  Mapping  Agency 
(DMA)  to  serve  both  as  RR  location  coordinates  and  user 
truth  at  Albuquerque.  The  purpose  of  the  experiment  was 
to  demonstrate  that  merged  SV  clock  and  ephemeris 
corrections  from  Florida  and  California  could  be  used  to 
effectively  correct  a  receiver  in  New  Mexico,  given  a 


GPS  Satellite 


FIGURE  2  DGPS  PRECISION-STRIKE  WEAPON  CONCEPT 
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FIGURE  3  LONG-BASELINE  EXPERIMENT 


dual-frequency  receiver.  SA  values,  obtained  from 
2SOPS,  were  removed  during  post-processing  of  raw  data 
for  the  purpose  of  analyzing  SV  clock  and  ephemeris 
drifts. 

The  experiment  procedure  was  to  calculate  DGPS 
corrections  for  the  California  and  Florida  RR  sites,  then 
combine  them  in  a  weighted  fashion  to  apply  to  the 
Albuquerque  user  receiver's  raw  measurements  to  yield  the 
user's  corrected  position  relative  to  the  DMA  truth.  Data 
were  collected  remotely  and  downloaded  for  processing  in  a 
manner  consistent  with  a  real-time  implementation.  In 
addition  to  long-baseline  accuracy,  the  experiment 
quantified  correction  accuracy  degradation  as  a  function  of 
time  and  as  a  function  of  the  user  receiver's  distance  from 
the  place  for  which  the  weighted  corrections  were 
calculated  (i.e.,  the  virtual  RR). 


Experiment  Results  and  Findings 

The  Albuquerque  receiver’s  corrected  position  data  over 
a  24-hour  period  yielded  a  50%  CEP  of  0.97  m.  The 
DGPS  corrections  used  were  a  linear  weighting  of  the 
satellite  corrections  from  the  California  and  Florida  RR 
sites  optimized  for  New  Mexico.  This  result  demonstrated 


the  improved  position  accuracy  of  DGPS  for  precision- 
strike  use. 

Figure  4  presents  the  relationship  of  measured 
correction  error  drift  with  refresh  interval.  The  actual  error 
growth  experienced  on  average  for  each  satellite  of  the 
GPS  constellation  during  the  24-hour  period  is  plotted 
against  the  update  rate.  These  errors  are  the  sum  of  clock 
and  ephemeris  ranging  errors.  From  these  data,  one  sees 
an  expected  RMS  drift  error  of  0.37  m  over  a  30-min 
correction  update  interval. 


FIGURE  4  MEASURED  SV  CLOCK  AND 
EPHEMERIS  DRIFTS 


By  moving  the  virtual  RR  from  the  fixed  user  site  in 
Albuquerque,  SRI  was  able  to  analyze  how  DGPS- 
corrected  position  accuracy  degraded  as  distance  from  the 
virtual  RR  was  increased.  The  results  of  this 
displacement  analysis  are  presented  in  Figure  5  for  the 
east,  north,  and  up  components  of  corrected  positions. 

One  concludes  that  the  DGPS  corrections  can  degrade  very 
slowly  with  increasing  distance  from  a  virtual  RR.  This 
low  rate  of  error  growth  is  expected  since  the  difference  in 
range  error  over  a  long  baseline  (due  to  SV  position  error) 
is  related  to  the  relatively  small  difference  in  viewing 
angle  to  the  SV. 

Lessons  learned  in  this  experiment  were  crucial  to 
successful  development  of  the  EDGE  RRN  a  few  months 
later.  More  accurate  surveys  were  performed  for  the 
network,  and  a  more  rigorous  approach  to  multipath 
mitigation  was  possible  using  software  developed  for  the 
experiment.  Finally,  wet  tropospheric  delay  observability 
was  demonstrated  by  analyzing  the  change  in  integrated 
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FIGURE  5  WIDE  AREA  DGPS  ACCURACY 
vs  GEOMETRY 


carrier  phase  corrections  with  changes  in  each  satellite's 
wet  mapping  function,  a  process  which  reduced  residual 
tropospheric  delay  (described  further  in  the  next  section). 

This  experiment  also  quantified  error  sources  useful  for 
determining  correction  error  contributions  to  the  overall 
DGPS  error  budget,  as  delineated  in  Table  2.  Thus, 
following  this  long-baseline  experiment,  an  RMS 
correction  error  of  45  cm  was  believed  achievable  with  a 
30-min  correction  update  rate. 


Table  2:  DGPS  ERROR  ESTIMATES  (m) 


Errors 

Sources 

SIS 

User* 

Total 

Carrier-smoothed 
Measurement  Error'l’ 

0.15 

1.0 

1.01 

Residual  Tropospheric 
Delay 

0.2* 

0.5 

0.54 

Correction  Latency 

0.37§ 

0.37 

Correction  Round-off 

0.05 

0.05 

RMS  Range  Error 
Contributions 

0.45 

1.1 

1.2 

*  Estimate  for  a  typical  militarized,  dual-frequency,  authorized 
receiver  in  a  nominal  multipath  environment. 

^Includes  residual  code  noise,  multipath,  and  Ionospheric  delay. 
^After  using  carrier  phase  wet  delay  measurements. 

§Based  on  30-min  correction  update  rate. 


CONCEPT  DEMONSTRATION 

At  the  end  of  the  long-baseline  experiment,  the  EDGE 
High  Gear  program  was  established  to  demonstrate  use  of 
militarized  WADGPS  technology  with  a  precision-guided 
munition.  Six  GBU-15  munitions  were  retrofitted  with  a 
GPS-INS  navigation  and  guidance  system  that  received 
WADGPS  clock  and  ephemeris  corrections  from  the 
RRN. 

The  reference  stations  (RSs)  for  the  network  were 
placed  at  least  1,000  nmi  from  the  test  range  at  Eglin 
AFB,  as  illustrated  in  Figure  6.  Unclassified  receiver 
measurement  data  were  transmitted  to  Eglin  AFB,  where 
the  corrections  from  each  station  were  generated  and 
merged  to  form  a  "network"  correction  set.  These 
corrections  were  uplinked  (via  a  secure  IDM  operational 
datalink  developed  by  the  Naval  Research  Laboratory 
[NRL])  to  an  F-16  carrying  the  GBU-15.  The  F-16  then 
passed  the  corrections  to  the  munition's  integrated  flight 
management  unit  (IFMU)  via  the  1553  bus.  The  IFMU, 
built  by  Honeywell,  applied  the  corrections  to 
pseudoranges  received  from  an  internal  Interstate 
Electronics  Corporation  (lEC)  GPS  receiver  before  using 
them  in  the  navigation  solution.  The  weapon  navigation 
and  impact  results  of  the  EDGE  demonstration  program 
are  treated  in  a  separate  paper  [Harms,  et  al.]. 

EDGE  RRN  Implementation 

The  EDGE  RRN  consisted  of  four  reference  stations, 
placed  at  military  installations  so  they  would  surround  the 
target  area,  and  a  central  processing  station  at  Eglin  AFB. 
The  central  processing  station  consisted  of  a  Data  Logger 
(which  communicated  with  the  reference  stations  via 
leased  line  modem),  a  Network  Correction  Processor 
(which  computed  the  network  differential  corrections),  and 
a  Quality  Monitor  (which  served  as  independent  truth  to 
assess  correction  accuracy). 

Reference  Stations.  Each  of  the  four  reference 
stations  consisted  of  an  authorized  E-Systems  GR-1200 
(CU)  GPS  dual-frequency  receiver  (formerly  Ashtech  Z[Y]- 
12),  a  simple  weather  sensor,  a  desktop  computer,  and  a 
leased  line  modem. 

Choke  ring  survey  antennas  were  carefully  sited  to 
minimize  multipath  effects.  DMA  surveyed  the  antenna 
locations  into  a  common  grid  to  within  approximately 
30  cm  and  provided  these  coordinates  for  use  in  the 
Network  Correction  Processor  calculations.  A  desktop 
computer  collected  raw  GPS  measurements  for  all 
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GPS  Satellites 


FIGURE  6  EDGE  DGPS  NETWORK 


satellites  in  view  from  the  GPS  receiver  as  well  as 
pressure  and  temperature  data  from  the  weather  sensor. 
These  data  were  forwarded  to  the  Data  Logger  in  real-time 
via  modem  over  commercial  leased  lines. 

Data  Logger.  The  Data  Logger  consisted  of  four 
leased  line  modems  and  a  multiport  desktop  computer. 
Data  were  logged  for  record  and  then  forwarded  to  the 
classified  Network  Correction  Processor  for  correction 
generation. 

Network  Correction  Processor.  The  Network 
Correction  Processor  accepted  the  raw  reference  station 
data  from  the  Data  Logger.  After  combining  dual¬ 
frequency  measurements  to  remove  ionospheric  delay, 
performing  carrier  smoothing  on  the  raw  measurements, 
and  applying  earth  tide  and  tropospheric  models,  the 
Network  Correction  Processor  generated  corrections  valid 
for  each  reference  station  using  an  SA-corrected  version  of 
the  broadcast  satellite  clock  and  ephemeris  data.  Finally, 
carrier  phase  data  were  used  to  measure  and  remove  wet 
tropospheric  delay. 

The  corrections  (now  accounting  for  broadcast  clock 
and  ephemeris  errors)  were  then  combined  to  create  a 
single  set  of  network  corrections,  valid  for  the  entire 
theater  of  operations  but  optimized  for  the  theater  center. 
These  corrections  were  forwarded  to  the  IDM  ground 
station  for  uplink  to  the  GPS  weapon  and  to  the  Quality 
Monitor  for  accuracy  assessment. 


Quality  Monitor.  The  Quality  Monitor  consisted 
of  a  local  E-Systems  GR-1200  (CU)  receiver  with  choke 
ring  antenna,  two  relay  computers,  and  a  desktop 
computer.  The  Quality  Monitor  processor  (in  a  manner 
similar  to  the  Network  Correction  Processor)  calculated 
local  DGPS  corrections  with  data  from  the  local  receiver. 

Network  corrections  were  compared  against  local 
corrections  to  assess  accuracy  in  range  space.  The  Quality 
Monitor  also  applied  network  corrections  to  local 
measurements  to  calculate  a  corrected  position.  This 
corrected  position  was  then  compared  against  the  local 
DMA-surveyed  benchmark  coordinates  to  assess  position 
accuracy.  Various  displays  were  developed  so  that  real¬ 
time  assessment  of  correction  quality  could  take  place 
during  operational  missions. 

Improved  Correction  Accuracy 

Although  the  RRN  was  developed  and  deployed  in 
about  six  months,  we  were  able  to  make  several 
significant  improvements  over  the  software  used  in  the 
long-baseline  experiment.  Of  most  notable  interest  are 
double-differenced  weighted  carrier  averaging  of  all  raw 
measurements,  incorporation  of  a  solid  earth  tide  model, 
four-station  zenith  wet  tropospheric  delay  determination, 
and  weighted  least-squares  network  correction 
determination. 
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Carrier  Averaging.  Carrier  smoothing  or 
averaging  is  a  process  that  uses  extremely  precise 
integrated  carrier  phase  measurements  to  aid  inherently 
error-prone  code  phase  pseudorange  measurements.  This 
process  can  dramatically  mitigate  receiver  noise  and 
multipath. 

These  code-minus-integrated  carrier  phase  offsets  were 
measured  from  a  simultaneous  track  of  PRN  6  at  the 
Kirtland  and  Ellsworth  AFB  reference  stations  (see 
Figure  7).  They  are  typical  of  the  multipath  and  code 
noise  observed  at  these  stations  for  all  satellites. 

Temperature-dependent  effects  in  the  analog  GPS 
receivers  introduced  errors  into  this  process  by  causing 
code  and  integrated  carrier  measurements  to  drift  apart  as 
ambient  air  temperature  changed.  This  effect,  common  to 
all  channels,  was  removed  from  the  measurements  with  an 
appropriate  double-difference  smoothing  technique  that 
used  one  channel  as  a  reference. 

Solid  Earth  Tide  Models.  With  more  than 
2000-nmi  distances  between  reference  stations,  solid  earth 
tides  must  be  taken  into  consideration.  This  effect,  caused 
by  deformation  of  the  earth  crust  due  to  gravitational 
forces,  can  result  in  relative  position  differences  of 
significant  magnitude  when  trying  to  achieve  submeter 
level  accuracy.  (Relative  altitude  changes  of  up  to 
30  cm  were  observed  between  the  New  Mexico  and 
Massachusetts  reference  stations.)  To  compensate  for  this 
phenomenon  (which  primarily  affects  altitude),  we 
implemented  an  earth  tide  model  that  adjusted  the  altitude 
coordinates  of  each  reference  station. 

In  addition,  rather  than  incorporate  this  model  into  the 
munition  GPS  receiver,  the  set  of  corrections  optimized 
for  the  network  center  were  pre-adjusted  to  account  for 
solid  earth  tides  before  uplink.  A  further  treatment  of  this 
topic  is  presented  in  another  ION  '95  paper  [Sinko]. 

Improved  Tropospheric  Models.  Tropospheric 
model  inaccuracy  is  a  major  contaminant  in  WADGPS 
corrections.  A  generalized  tropospheric  model  only 
accounts  for  "normal”  tropospheric  delays.  Many  models 
are  divided  into  hydrostatic  ("dry")  and  variable  ("wet") 
delays.  The  unpredictability  of  wet  delay  makes  most 
receiver  models  vulnerable  to  significant  tropospheric 
errors  in  hot  and  humid  climates. 

The  geoscience  community’s  work  in  measuring  plate 
tectonics  with  integrated  carrier  phase  suggested  that  they 
had  a  good  way  of  handling  variable  tropospheric  delays 
over  long  baselines.  Using  a  variant  of  these  methods 
[Herring],  the  EDGE  RRN  measured  the  wet  delay  at  each 
RR  site  using  ionosphere-free  GPS  integrated  carrier 


phase.  An  example  of  these  measurements  is  provided  in 
Figure  8. 

Note  that,  as  would  reasonably  be  expected,  the 
variable  "wet"  delay  at  zenith  is  roughly  0.1  m  higher  in 
humid  Puerto  Rico  and  Massachusetts  than  in  arid  New 
Mexico  and  South  Dakota.  We  have  collected  rawinsonde 
data  to  serve  as  truth  data  for  these  measurements  and  plan 
to  present  the  results  of  an  accuracy  analysis  in  the  near 
future. 

Theater  Correction  Optimization.  The 

pseudorange  corrections  from  all  reference  stations  were 
merged  to  form  a  single  set  of  corrections,  optimized  for 
theater  test  location.  In  the  first  step  of  an  iterative 
process,  all  available  corrections  were  averaged  to  form  a 
network  correction.  In  the  second  step,  the  clock  bias  for 
each  set  of  station  corrections  was  adjusted  to  agree  with 
the  network  corrections.  These  steps  were  repeated  until 
their  effect  became  negligible. 

Finally,  the  corrections  were  combined  to  form  a 
single  set  of  corrections  optimized  for  theater  location. 
When  a  satellite  was  visible  to  three  or  fewer  stations,  an 
averaged  correction  was  calculated  weighted  by  correction 
quality.  When  all  four  stations  tracked  a  satellite,  a 
geographical  weighted  average  was  calculated  using 
weighted  least-squares  that  estimated  the  rate  of  change  of 
correction  with  respect  to  north  and  east  relative  to  the 
virtual  RR  at  Eglin  AFB. 

Demonstration  Results 

The  RRN  operated  successfully  during  the  course  of 
the  EDGE  program.  It  was  used  to  support  ground, 
captive  carry,  and  free-flight  drop  missions  as  well  as  a 
targeting  exercise. 

Position  Accuracy.  Figure  9  shows  the  EDGE 
network-corrected  position  error  (relative  to  a  DMA 
survey)  of  the  local  Quality  Monitor  receiver  for  the  five 
operational  weapon  drops—three  against  horizontal  targets 
and  two  against  vertical  targets.  For  consistency  during 
these  missions,  the  Quality  Monitor  used  the  same  five 
satellites  as  those  selected  by  the  munition  GPS  receiver. 
(The  selection  criterion  was  lowest  weighted  position 
dilution  of  precision  [PDOP].)  The  Quality  Monitor 
position  was  calculated  using  weighted  least-squares.  The 
error  was  determined  by  comparing  the  RRN-corrected 
position  against  the  DMA-surveyed  benchmark. 
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FIGURE  7  TYPICAL  CODE  MULTIPATH  AND  RECEIVER  NOISE  (Observed  at  Kirtland  AFB 
and  Ellsworth  AFB) 
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FIGURE  8  WET  TROPOSPHERIC  DELAY  MEASUREMENTS 
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Table  3:  DGPS-CORRECTED  QUALITY 
MONITOR  POSITION  ERRORS  FOR  EDGE 
FLIGHT  TESTS 
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FIGURE  9  DGPS-CORRECTED  QUALITY 

MONITOR  POSITION  ACCURACY 
FOR  EDGE  FLIGHT  TESTS 


Table  3  provides  a  comprehensive  listing  of  the 
corrected  position  errors.  In  all  five  cases,  the  horizontal 
corrected  position  error  was  well  under  1  m,  and  only  once 
did  the  vertical  error  exceed  1  m.  During  these  drops,  the 
actual  guidance  implementation  experienced  a  nominal 
4-m  offset  miss  from  the  corrected  GPS  navigation 
position  data  in  Table  3  [Harms,  et  al.]. 


Drop 

No. 

Position  Error  (m) 

East 

North 

Up 

Miss* 

Radial 

1 

0.36 

-0.17 

-0.25 

0.41 

0.47 

2 

0.10 

-0.06 

-0.51 

0.13 

0.52 

3 

0.41 

-0.40 

-0.48 

0.59 

0.76 

4 

0.01 

-0.24 

0.05 

0.24 

0.25 

5 

0.11 

-0.56 

1.57 

0.55 

1.57 

*Miss  is  defined  as  GPS  position  error  in  the  plane  perpendicular  to 
the  munition  trajectory  at  impact.  Drops  1 , 2,  and  5  were  against 
horizontal  targets,  arriving  at  approach  angles  of  approximately 
85  deg.  Drops  3  and  4  were  against  a  vertical  billboard  target, 
arriving  at  approximately  20  deg. 


Figure  10  provides  another  "solution-space” 
representation  of  horizontal  EDGE  RRN  accuracies  over 
an  extended  period  of  time.  The  data  for  this  histogram 
were  collected  during  an  extended  EDGE  captive  carry 
mission  lasting  6.5  hours.  The  50%  CEP  for  this 
representative  sample  against  the  DMA  benchmark  is 
30  cm. 
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FIGURE  10  MEASURED  ERROR  IN  DGPS  CORRECTED  2-D 
POSITION  ~  6.5  HOURS 
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Early  network  testing  identified  a  small  but  recurring 
Quality  Monitor  survey  bias,  which  is  demonstrated  by 
the  southeast  direction  of  errors  for  all  five  drop  tests  and 
the  corresponding  bias  in  the  extended  sample  in 
Figure  10.  In  fact,  the  50%  CEP  for  this  sample  against 
its  mean  solution  is  only  17  cm. 

Correction  Accuracy.  Table  4  demonstrates  "zero 
latency"  EDGE  RRN  performance  in  range  space  for  the 
five  weapon  drop  missions.  These  RRN  minus  Quality 
Monitor  correction  differences  are  smaller  than  expected, 
given  test  contaminants  such  as  survey  error,  inadequacy 
of  the  standard  tropospheric  model,  and  multipath 
contamination.  Even  with  these  contaminants,  the 
correction  differences  during  the  five  drops  measured 
40  cm  RMS. 


Table  4:  RRN  CORRECTION  ACCURACY  FOR 
EDGE  FLIGHT  TESTS 


Drop 

No. 

RRN  minus  Quality  Monitor 

Pseudorange  Correction  Differences  (m) 

chi 

ch2 

ch3 

ch4 

ch5 

1 

0.21 

0.38 

0.16 

-0.05 

0.11 

2 

0.27 

0.03 

-0.35 

0.27 

0.09 

3 

-0.40 

0.85 

0.01 

-0.19 

0.09 

4 

-0.04 

-0.51 

0.19 

-0.01 

-0.03 

5 

-0.81 

0.14 

0.60 

0.00 

0.38 

RRN  as  Targeting  Tool.  Defense  agencies 
dedicated  to  targeting  have  methods  for  precisely 
determining  the  range  and  bearing  from  one  point  to  any 
other  point  in  a  set  of  aerial  photographs  and  radar 
imagery.  This  process  is  sometimes  called  "target 
mensuration."  By  knowing  the  coordinates  of  an 
identifiable  control  point  in  an  image,  one  can  obtain 
precise  coordinates  for  a  specified  target. 

As  part  of  the  EDGE  program,  raw  GPS  data  were 
collected  at  three  control  points  visible  in  a  targeting 
image.  Using  the  RRN  as  a  source  of  DGPS  corrections, 
surveys  were  made  for  these  three  control  points  by 
applying  RRN  corrections  for  approximately  30  minutes 
of  collected  data.  The  ability  to  survey  these  points  to 
within  0.5  m  was  demonstrated.  By  applying  targeting 
vectors  to  these  image  control  points  to  obtain  the  target 
coordinates,  a  highly  accurate  targeting  approach  was 
successfully  demonstrated. 

ENHANCED  PPS  ACCURACY 

Now  that  the  EDGE  RRN  has  demonstrated 
performance  consistent  with  the  SIS  accuracy  column  in 
Table  2,  interest  turns  to  making  this  technology 
available  to  the  PPS  user.  This  section  discusses  some  of 
the  available  options  for  improving  SIS  accuracy,  with 
their  associated  advantages  and  disadvantages.  It  is  not 
intended  to  recommend  any  particular  approach,  but  rather 
to  offer  suggestions  for  continued  PPS  accuracy 
improvement. 


Although  the  RRN  used  an  advanced  version  of  the  wet 
zenith  delay  determination  demonstrated  in  the  long- 
baseline  experiment,  the  Quality  Monitor  was  itself 
limited  to  a  more  basic  tropospheric  model  appropriate  to 
use  in  a  PGM.  In  the  often  hot  and  humid  Florida 
weather,  we  regularly  noticed  what  appeared  to  be  zenith 
tropospheric  delay  errors  of  about  0.1 -0.2  m.  Also, 
because  the  RRN  could  track  satellites  well  before  they 
were  visible  at  Eglin  AFB,  the  network  corrections  for  all 
satellites  were  smoothed  before  the  local  Quality  Monitor 
had  a  chance  to  track  and  smooth  its  own  measurements. 
Thus,  almost  as  a  rule,  when  the  Quality  Monitor 
disagreed  with  the  RRN  by  more  than  0.5  m,  it  was  due 
primarily  to  Quality  Monitor  multipath.  (Local  errors 
were  evidenced  by  the  fact  that  the  network  reference 
stations  agreed  so  well  with  each  other.  Quality  Monitor 
multipath  in  these  situations  was  observed  by  watching 
the  offsets  between  raw  ionosphere-free  pseudorange  and 
integrated  carrier  phase  varying  by  several  meters.) 


RRN  Concepts 

The  EDGE  program  successfully  demonstrated  the 
functionality  of  an  easily  deployable,  theater-wide  DGPS 
network  in  large  arenas.  Operationally,  one  might  require 
that  consideration  be  given  to  providing  theater  coverage 
to  more  than  one  major  region  of  conflict  (MRC)  at  a 
time.  When  two  or  more  regions  may  be  contiguous,  the 
issue  arises  of  correction  validity  across  MRC  boundaries, 
or  the  necessity  to  distribute  multiple  sets  of  corrections 
through  scarce  datalink  resources.  It  is  apparent  that  a 
more  preferable  solution  would  be  to  simply  cover  the 
globe  with  pre-surveyed,  fixed  installations  and  resolve  the 
components  of  SIS  errors,  such  that  a  complete  set  of 
corrections  with  global  applicability  can  be  distributed  to 
all  PPS  users  for  all  SVs  in  the  constellation.  This 
solution  could  more  readily  support  force  deployments 
anywhere  in  the  world  without  necessarily  waiting  for 
network  installation  and  survey. 


409 


A  preliminary  siting  analysis  suggests  that  15  to  20 
RR  sites  could  be  deployed  globally  to  provide  continuous 
multi-station  measurements  of  each  satellite  in  the 
complete  constellation.  Figure  11  illustrates  the  global 
network  concept.  Observe  that  the  5-deg  horizon  footprint 
of  a  single  GPS  satellite  can  always  see  five  to  six  RRs 
simultaneously.  At  a  given  instant,  SV  orbital  and  clock 
error  components  can  be  measured  from  a  small  but  finite 
baseline.  Although  this  network  has  less  density  than 
some  global  RRNs,  it  represents  a  dramatic  improvement 
over  the  current  five  OCS  monitor  stations  available  to 
PPS  users. 


FIGURE  11  GLOBAL  DGPS  NETWORK 


Ideally,  this  global  RRN  would  be  co-located  with 
existing  stations  wherever  possible.  The  additional 
stations  add  redundancy  as  well  as  better  viewing  geometry 
for  all  satellites  at  all  times,  allowing  more  accurate  and 
timely  uploads.  Adding  stations  farther  from  the  equator 
improves  satellite  viewing  geometry,  allowing  more 
effective  discrimination  between  clock,  radial,  cross-track, 
and  along-track  SVerrors. 

The  addition  of  this  network,  initially  as  an  overlay  to 
existing  resources,  would  allow  rapid  development  to 
support  the  PPS  user  community  (perhaps  through 
alternative  datalinks)  while  minimally  impacting  the 
current  control  segment.  Once  proven  and  refined,  the 


new  RRN  could  be  incorporated  into  the  existing  system 
with  no  negative  impact  to  satellite  operators  and  PPS 
users. 

Data  Distribution  to  PPS  User  Receivers 

As  discussed  earlier  in  this  paper,  the  preferred  datalink 
is  clearly  the  GPS  navigation  message.  But  a  significant 
amount  of  latency  is  associated  with  building,  uploading, 
and  downlinking  the  current  navigation  message.  Several 
methods  for  reducing  these  latencies  have  been  suggested 
in  informal  discussions  with  members  of  the  control 
segment  community.  Most  concepts  entail  optimizing 
the  current  OCS  filter  or  upload  process  and  could 
potentially  reduce  latencies  dramatically  for  uploading 
page  13  correction  tables. 

One  suggested  approach  appears  to  be  the  most  far- 
reaching:  using  the  inter-satellite  crosslink  of  the  next- 
generation  Block  II-R  SVs  for  communicating  rapid 
navigation  message  updates.  When  there  is  a  partial 
Block  II-R  constellation,  the  cross-link  could  be  used  to 
update  the  page  13  correction  tables.  As  Block  II-R  SVs 
gradually  replace  Block  II  and  II-A  vehicles,  clock  and 
ephemeris  parameter  adjustments  could  replace  page  13 
differential  corrections  altogether. 

From  the  point  of  view  of  satellite  operations,  the  net 
effect  of  this  change  would  likely  be  a  significant 
reduction  in  the  number  of  required  satellite  contacts  per 
day,  particularly  if  the  anticipated  factor  of  2  improvement 
[Minutes  of  PAWG]  of  the  Block  II-R  SV  clocks  is  taken 
into  account.  From  the  point  of  view  of  PPS  users, 
improved  accuracy  would  be  inherited  with  the  Block  II-R 
SVs  without  firmware  modification  to  each  user  receiver. 


SUMMARY 

A  militarized  WADGPS  can  provide  the  all-weather 
accuracies  needed  for  PGMs  such  as  JDAM.  A  long- 
baseline  experiment  across  CONUS  validated  the 
concept’s  assumptions  and  quantified  error  sources. 
Development  of  the  EDGE  High  Gear  program  RRN 
provided  additional  insights  into  DGPS  error  sources  and 
methods  to  mitigate  them. 

The  EDGE  program  demonstrated  that  accurate 
pseudorange  corrections  valid  for  a  network  theater  with 
reference  stations  more  than  1000  nmi  from  the  network 
center  could  be  provided.  Submeter,  DGPS-corrected 
position  accuracy  was  also  consistently  demonstrated  over 
the  course  of  the  program. 
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Approaches  for  improving  accuracy  for  all  authorized 
users  were  discussed.  RRN  options  included  near-term 
theater  or  global  overlay  networks,  as  well  an  OCS 
monitor  system  upgrade.  Datalink  options  range  from 
application-specific  systems  to  near  real-time  corrections 
to  Subframes  1-3  (removing  the  DGPS  "band-aid"). 
Finally,  if  clock  and  ephemeris  errors  are  reduced,  high- 
accuracy  PPS  users  will  have  the  ability  to  reduce 
navigation  errors  to  the  submeter  level  through  reductions 
in  receiver-related  errors. 
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ABSTRACT 

The  Exploitation  of  Differential  Global  Positioning 
System  for  Guidance  Enhancement  (EDGE)  High  Gear 
Program  substantiates  the  use  of  Differential  corrections 
to  the  Global  Positioning  System  (GPS)  for  guiding  air-to- 
ground  weapons.  The  EDGE  flight  vehicle  consisted  of  a 
2000  pound  GBU-15  glide  bomb  modified  by  replacing 
the  seeker  head  with  an  Inertial  Navigation  System  / 

Global  Positioning  System  (INS/GPS).  Navigation 
accuracy  enhancement  was  accomplished  using  “theater¬ 
wide”  Differential  GPS  (DGPS)  corrections  to  the  GPS 
pseudoranges.  The  DGPS  corrections  were  generated 
from  a  reference  receiver  network  of  four  GPS  receiver 
sites  approximately  1,000  nautical  miles  distant.  The 
DGPS  corrections  were  supplied  to  an  Improved  Data 
Modem  (IDM)  ground  station  which  transmitted  the 
corrections  to  the  host  aircraft. 

This  paper  discusses  lessons  learned  from  the  EDGE  tests 
in  using  DGPS  to  improve  the  accuracy  of  the  navigation. 
Static  and  captive  carry  tests  were  conducted,  using 
carrier  phase  position  scoring,  to  assist  in  determining  the 
navigation  accuracy.  This  paper  also  presents  GPS 
lessons  learned  in  satellite  selection  techniques,  dilution  of 
precision  (DOP)  criteria,  GPS  constellation  maintenance, 
and  satellite  masking  issues. 

1.0  INTRODUCTION 

History  was  made  on  May  23,  1995  as  an  Air  Force  F-16 
dropped  a  modified  GBU-15  from  an  altitude  of  25,000 
feet  and  a  down  range  distance  of  67,000  feet  against  a 
vertical  target.  The  modified  GBU-15  became  the  first 
seekerless  INS/GPS  weapon  to  successfully  attack  a 
vertical  target,  impacting  within  two  meters  of  the  target 
aimpoint.  Figure  1  shows  the  results  of  this  historic  flight 
which  was  accomplished  in  the  middle  of  a  successful  six- 
drop  test  program  conducted  at  Eglin  Air  Force  Base, 
Florida. 

The  EDGE  program  was  designated  an  Air  Force  Materiel 
Command  High  Gear  Program,  allowing  streamlined 
acquisition  and  reporting  procedures,  in  response  to  the 
Joint  Direct  Attack  Munition  (JDAM)  plan  for  adding 
precision  capability  to  its  baseline  GPS-guided  munition. 
A  precision-capable,  seekerless,  INS/GPS  weapon  is  a 
force  multiplier  in  that  fewer  weapons  are  needed  to  strike 
the  target  and  future  host  aircraft  can  be  designed  to  be 
smaller  and  more  “stealthy”  since  less  weapon  carriage  is 
required.  As  part  of  the  direction  establishing  EDGE  as  a 


High  Gear  Program,  we  were  challenged  to  complete  the 
program  in  only  twelve  months.  In  order  to  successfully 
demonstrate  this  capability  in  the  required  time,  design 
analysis  was  limited  to  critically  essential  areas.  A 
streamlined  design  process  was  established  to  identify  and 
prioritize  tasking.  As  a  result  of  this  tasking,  analysis  was 
limited  to  assuring  the  capability  to  meet  primary  mission 
objectives. 


Figure  1.  EDGE  Flight  Against  Vertical  Target 


EDGE  met  its  objective  of  demonstrating  the  navigation 
accuracy  improvement  potential  of  differential  GPS  for 
guiding  air-to-ground  munitions  through  an  end-to-end 
weapon  system  implementation  of  DGPS  using  a  DGPS 
reference  receiver  network,  a  modified  GBU-15  glide 
bomb  and  a  Block  50  F-16D  launch  aircraft.  One  goal  of 
the  EDGE  program  was  to  demonstrate  the  potential  of 
improving  current  GPS-guided  munition  accuracy  from  a 
thirteen  meter  circular  error  probable  (CEP)  to  less  than 
five  meters.  Table  1  compares  the  actual  radial  miss 
(“hole  in  the  ground”)  to  a  calculated  non-differential  miss 
using  a  GPS  point  solution  program.  This  shows  that  the 
differential  corrections  did  improve  the  solution  slightly, 
and  that  the  EDGE  goal  of  five  meter  CEP  (for  drops  one 
through  five)  was  achieved..  Multipath  effects  can 
significantly  affect  navigation  performance  (refer  to 
section  4.0),  as  this  appears  to  have  contributed  to  the  9.0 
meter  miss  for  drop  four.  For  drop  six,  the  weapon  GPS 
receiver  was  only  able  to  successfully  obtain  track  on  four 
of  the  five  channels. 

Numerous  ground,  captive  carriage,  and  free  flight  drop 
tests  were  conducted  in  support  of  the  EDGE  program. 
The  demonstration  included  free  flight  drops  on  both 
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horizontal  and  vertical  targets  located  on  the  Eglin  Air 

Force  Base  test  range. 

Table  1.  Summary  of  EDGE  Test  Results 


Drop 

Target  type 

Radial 
error  (m) 

w/o 

DGPS 

1 

Horizontal 

4.1 

5.9 

2 

Horizontal 

4.0 

3.2 

3 

Vertical 

1.9 

5.9 

4 

Vertical 

9.0 

3.2 

5 

Horizontal 

3.9 

6.6 

6 

Horizontal 

11.4 

n/a 

The  EDGE  system  concept,  illustrated  in  Figure  2, 
consists  of  a  DGPS  reference  receiver  network,  an  IDM,  a 
Block  50  F-16D  launch  aircraft,  and  the  modified  GBU- 
15  glide  bomb.  This  concept  allowed  an  end-to-end  test 
of  the  weapon  system  implementation  using  DGPS. 


SATELLITES 

. ^ 

' ' 

F-16C 

8LK60 

-  ,  ... 

GBU'15 

w/GPS/INS 

DIFFERENTIAL 

CORRECTIONS 

EDGE  REFERENCE  RECEIVER  NETWORK  ; 

DGPS  REFERENCE  STATIONS 

,.HanscorrtAP3.MA  CENTRAL  5  :  \  '  =  . 

LL..»of:hAFU.SD  A6  "  “  '  DGPS  " ENCRYPTED  1. 

•  ■  CORRECTIONS.  _ ^UHF 

RS  egfeAFB  1  LJ 

KjntardAra  NW  ^  ^ 1 

Figure  2.  EDGE  System  Concept 


The  DGPS  reference  receiver  network  consists  of  four, 
12-channel  PA^  code  reference  receivers  located  at  sites 
approximately  1000  nautical  miles  distant  from  the  theater 
of  operation  at  the  Eglin  AFB  test  range.  The  reference 
receiver  network  produces  “theater-wide”  pseudorange 
corrections  that  remove  most  of  the  GPS  space  and 
control  segment  clock  and  ephemeris  ranging  errors.  The 
pseudorange  corrections  are  computed  for  all  GPS 
satellites  in  view  of  the  network  and  are  accurate  for  up  to 
thirty  minutes.  The  reference  receiver  network  provides 
the  corrections  to  an  IDM  ground  station  which  transmits 
them  over  a  UHF  data  link  to  the  launch  aircraft.  This 
single  transmission  of  all  the  DGPS  corrections  to  the 
aircraft  occurs  several  minutes  prior  to  weapon  launch. 
The  launch  aircraft  then  passes  the  corrections  over  a 
1553  bus  to  the  GBU-15  Integrated  Flight  Management 
Unit  (IFMU)  where  the  DGPS  corrections  are  stored  for 
use  after  weapon  launch.  The  IFMU  contains  a  strapdown 
INS  and  embedded  five-channel  PAT  code  fast  acquisition 
GPS  receiver.  Prior  to  launch,  the  IFMU  performs  a 
transfer  align  using  the  F-16’s  GPS  aided  INS  as  a  master 
reference.  During  the  transfer  align,  the  GPS  time  is 
transferred  from  the  F16’s  GPS  receiver  to  the  IFMU  over 
the  same  1553  bus  as  the  transfer  align  data.  Once  the 
aircraft  launches  the  GBU-15,  the  IFMU  GPS  receiver 


enters  a  fast  acquisition  mode  and  acquires  five  satellites 
on  PAT  code.  The  GPS  receiver  pseudoranges,  corrected 
by  the  DGPS  network,  are  then  used  in  the  IFMU’s 
navigation  Kalman  filter  to  provide  navigation 
corrections. 

2.0  INTEGRATED  FLIGHT  MANAGEMENT  UNIT 

The  EDGE  weapon  uses  the  Honeywell  BG1232AG 
Integrated  Flight  Management  Unit.  The  IFMU 
architecture  is  shown  in  Figure  3  [1].  The  primary 
components  include  the  inertial  measurement  module 
(IMM),  Embedded  Computer  Toolbox  and  Operating 

System  (ECTOS™)  software,  and  Interstate  Electronics 
SEM-E  five  channel  GPS  receiver. 


Guidance  Control  Unit 


Figure  3.  Honeywell  BG1232AG  IFMU  Architecture 

The  ECTOS  embedded  software  is  composed  of  two 
parts:  1)  the  Embedded  Computer  Operating  System 

(ECOS™)  and  2)  the  Embedded  Computer  Toolbox 
(ECT™).  ECTOS  is  provided  to  the  user  as  a  packed 

Ada®  object  library.  Control  files  for  compilations  and 
linking  are  also  provided.  The  relationship  between 
ECTOS,  the  electronics  and  the  application  software  is 
shown  in  Figure  4.  ECTOS  provides  the  interface 
between  the  application  software  and  the  hardware. 
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Figure  4.  System  Hierarchy 
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3.0  SYSTEM  ERROR  SOURCES 

Table  2  provides  a  summary  of  the  INS  error  sources  [1]. 
Navigation  error  analysis  for  EDGE  was  performed  using 
the  MatSOFE  (Matlab  Simulation  for  Optimal  Filter 
Evaluation)  software.  MatSOFE  is  a  Monte  Carlo 
analysis  simulation  used  for  evaluating  Kalman  filter 
designs  [2-6].  Table  3  shows  the  DGPS  error  budget 
provided  by  SRI  International  at  the  start  of  the  EDGE 
program.  This  budget  served  as  the  guide  for  determining 
DGPS  error  states  and  noise  levels  for  the  navigation 
analysis. 


Table  2.  Honeywell  Sensor  Error  Model 


1  Sensor 

Error 

Model 

1-a 

Correlation 

Bias 

Gauss-Markov 

1 .0  deg/hr 

3  hours 

Scale  Factor 

Gauss-Markov 

50  ppm 

3  hours 

Orthogonality 

Gauss-Markov 

10  arc-sec 

3  hours 

Random  Walk 

Gauss-Markov 

0.125  deg/hr*^ 

Quantization 

n/a 

2.76  arc/sec 

RBA- 

500 

Bias 

Gauss-Markov 

lOOO^g 

3  hours 

Scale  Factor 

Gauss-Markov 

100  ppm 

3  hours 

Orthogonality 

Gauss-Markov 

10  arc- sec 

3  hours 

Misalignment 

Gauss-Markov 

20  arc- sec 

3  hours 

Nonlinearity 

Gauss-Markov 

3  hours 

Random 

Noise 

0.025  ft/sec/hr^ 

Table  3.  EDGE  DGPS  Error  Budget 


SOURCES 

1 _ 

ERRORS 

DGPS 

Correction 

lEC 

TOTAL 

Correction 

Distribution 

SEME 

Errors 

Errors 

Receiver 

Predicted 

Errors 

Carrier-smoothed 
measurement  error* 

0.15  m 

1.0  m 

1.01  m 

Residual  tropo  delay 

0.2  mt 

0.5  m 

0.54  m 

Latency  of 
corrections 

0.37  m 

0.37  m 

Correction  round-off 

0.05  m 

0.05  m 

Displacement  from 
virtual  RR 

0.0  m 

0.0  m 

RMS  range  error 
contributions 

0.32  m 

0.37  m§ 

1.1  m 

1.2m 

Total 

Correction 

Error  -  0.49  m 

(UERE) 

HORIZONTAL 
TARGET  CEP 

2.1m 

ALTITUDE 

FUZING  ERROR 
(50% 

PROBABILITY) 

2.0  m 

EDGE  guidance  algorithm,  the  autopilot  algorithm,  and 
aerodynamic  uncertainties  are  expected  to  be  relatively 
small  as  compared  to  navigation  errors.  From  analysis  of 
data  from  the  1992  Operation  Concept  Design  (OCD) 
program  [7,8],  guidance  errors  appeared  to  only 
contribute  approximately  30  cm  to  the  total  EDGE  CEP 
error  budget.  EDGE  6-DOF  analysis  and  data  from  the 
EDGE  free  flights  show  this  to  be  an  accurate  assessment. 

Target  location  error,  TLE,  was  a  significant  error  source 
for  the  OCD  program.  For  the  EDGE  program,  target 
locations  were  surveyed  to  an  approximate  30  centimeter 
accuracy  by  the  Defense  Mapping  Agency  (DMA).  Thus, 
TLE  contributes  only  a  small  relative  amount  (30  cm)  of 
error  to  the  total  EDGE  CEP. 

While  Table  3  indicates  that  a  two  meter  navigation  CEP 
is  possible,  the  EDGE  team  selected  five  meters  CEP  as 
the  EDGE  system  accuracy  goal.  Given  the  30  centimeter 
expected  contributions  to  CEP  of  guidance  and  TLE,  one 
can  solve  for  the  desired  contribution  of  navigation.  Table 
4  summarizes  the  EDGE  CEP  budget  goals  for  INS/GPS 
and  INS/DGPS. 


Table  4.  EDGE  CEP  Goals 


1 

INS/GPS 

INS/DGPS 

0.3  m 

0.3  m 

Guidance 

0.3  m 

0.3  m 

Navigation 

~9.0  m 

CEP 

9.0  m 

5.0  m  1 

4.0  NAVIGATION  PERFORMANCE  ANALYSIS 

The  critical  part  of  achieving  the  desired  navigation 
performance  is  properly  tuning  the  flight  filter.  The 
objective  of  the  tuning  process  is  to  determine  optimum 
filter  noise  models,  filter  initialization,  and  filter 
parameters  such  that  the  filter  accurately  estimates  truth. 
For  navigation  analysis  and  tuning,  both  the  Honeywell 
covariance  analysis  software  and  the  MatSOFE  Monte 
Carlo  simulation  were  used.  The  next  few  sections 
provide  examples  of  some  of  the  MatSOFE  analysis  [9]. 
In  addition  to  filter  tuning,  this  analysis  included 
evaluating  filter  performance  sensitivity  (forming  an  error 
budget),  analyzing  differential  GPS  (DGPS)  versus  GPS 
versus  INS-only  performance,  examining  the  batch 
smoothing  of  measurement  residuals  between  five  second 
filter  updates,  and  examining  various  GPS  measurement 
turn-off  times  [9]. 


*  Includes  code  noise,  multipath,  &  residual  iono  Figure  5  shows  the  CEP  for  a  sample  50-run  GPS 

t  Projected  tropo  error  with  integrated  carrier  phase  MatSOFE  simulation.  MatSOFE  simulations  shows  that 

§  Based  on  30-min  correction  update  rate  for  the  given  GPS  error  levels,  a  navigation  CEP  of  seven 

to  eight  meters  may  be  expected. 

The  major  error  sources  can  be  divided  into  guidance 
(including  aerodynamic  and  autopilot  error  sources), 
navigation  (both  INS  and  GPS  error  sources)  and  target 
location  errors.  Errors  due  to  the  implementation  of  the 
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Horizontal  Navigation  CEP  (m) 


Figure  5.  MatSOFE  Navigation  CEP  Estimate  for 
GPS-Only  Weapon 

Filter  analysis  was  conducted,  using  MatSOFE,  for  the 
DGPS  error  sources  described  previously.  One  of  the  best 
approaches  for  evaluating  filter  performance  is  the  method 
described  by  Mr.  Stan  Musisk,  Wright-Patterson  AFB, 
Ohio,  in  [2,3].  In  these  references,  Musick  discusses  ten 
tests,  or  criteria,  for  evaluating  filter  performance.  These 
ten  tests  consist  of  five  tests  for  estimation  error  (state- 
related)  and  five  residuals  (measurement-related)  tests. 

For  example,  test  criteria  five,  C5,  compares  the  Monte 
Carlo  covariance  (standard  deviation  of  50  Monte  Carlo 
runs)  to  the  filter  covariance.  Figure  6  provides  a  sample 
plot  of  this  test.  For  this  test  to  be  successful,  the  filter 
(dotted  line)  and  Monte  Carlo  (dashed  line)  covariance 
results  should  be  approximately  equal.  In  addition  to 
examining  expected  filter  performance  prior  to  free  flight, 
the  five  residuals  tests  may  be  compared  to  free  flight 
residuals  data  to  ensure  actual  performance  matches 
simulation. 


East  Posittan  Efrw  C5  Test:  EF  Envelope 


Figure  6.  Test  for  Criteria  C5 

The  navigation  CEP  goal  for  the  EDGE  program  was 
approximately  five  meters.  Again,  using  the  DGPS  error 
levels,  the  CEP  plot  of  Figure  7  is  typical.  In  this  figure, 
the  filter  believes  the  CEP  at  the  end  of  the  flight  to  be 
approximately  2.6  meters,  whereas  the  true  CEP  is 
approximately  2.0  meters.  As  will  be  discussed  later,  it 
may  be  that  the  assumed  DGPS  error  levels  at  the 


beginning  of  the  EDGE  program  were  somewhat 
optimistic.  This  causes  the  CEP  plots,  such  as  Figure  7,  to 
be  optimistic  as  well. 


Horizontal  Navigation  CEP  (m) 


Figure  7.  EDGE  Navigation  CEP  Estimate 

Additional  analysis  should  be  conducted  to  more 
accurately  determine  DGPS  errors.  For  example.  Figure  8 
provides  a  navigation  CEP  plot  for  the  EDGE  weapon 
assuming  additional  multipath  errors  [10].  This  may  be 
closer  to  how  EDGE  really  performed,  but  we  cannot  be 
certain  without  additional  analysis  and  enough  free  flights 
to  obtain  a  true  statistical  sample. 


Horizontal  Navigation  CEP  (m) 


Time  (sec) 

Figure  8.  EDGE  Navigation  CEP  Estimate  (With 
Multipath) 

Captive  Carry  Analysis.  The  Carrier  Phase  TSPI 
Demonstration  (CAPTIDE)  program  was  initiated  in 
response  to  a  requirement  for  high  accuracy  Time  Space 
Position  Instrumentation  (TSPI)  to  evaluate  precision 
weapons  at  Eglin  AFB.  The  39th  Flight  Test  Squadron 
(FTS)  determined  that  GPS  carrier  phase  technology  was 
a  potential  candidate  to  satisfy  this  requirement  [9,1 1]  and 
investigated  this  technology  concurrent  with  the  EDGE 
flight  tests. 

The  EDGE  High  Gear  Program  designated  one  of  the 
captive  carry  (CC)  missions,  CC4,  to  quantify  the 
accuracy  associated  with  a  DGPS/INS  (EDGE)  guidance 
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system.  A  secondary  objective  of  CC4  was  to  compare 
DGPS/INS  system  performance  with  GPS/INS  system 
performance.  Two  identical  modified  GBU-15  weapons 
were  used,  one  using  DGPS  corrections  the  other  with  the 
DGPS  corrections  inhibited  were  mounted  on  F-16  wing 
stations  three  and  seven  respectively.  Twenty-five  straight 
and  level  passes  were  flown  over  Eglin’s  range  B-70  to 
provide  the  data  for  this  analysis.  Eglin  range  assets 
available  for  CC4  TDOP  input  included  cinetheodites, 
radars,  and  aircraft  inertial  velocity.  The  average  miss 
distance  across  all  passes  was  12.09  (3.69  m)  feet 
compared  with  CAPTIDE  and  12.03  feet  (3.67  m) 
compared  with  the  existing  measurement  system  which 
uses  a  Kalman  smoother  to  integrate  range  assets  to  form 
an  optimal  position  and  velocity  solution  (TDOP). 

The  average  horizontal  per  pass  “miss  distance”  without 
using  DGPS  across  all  passes  was  29.53  feet  (9.00  m) 
compared  with  CAPTIDE  and  29.96  feet  (9.13  m) 
compared  with  TDOP,  showing  the  close  agreement 
between  CAPTIDE  and  the  traditional  TDOP  system. 

The  TDOP  average  horizontal  per  pass  “miss  distance” 
using  DGPS  corrections  across  all  passes  was  10.92  feet 
(3.33  m). 

Free  Flight  Test  Results.  Telemetry  data  was  collected 
and  recorded  for  all  six  free  flights.  This  data  was  used  to 
generate  a  GPS-only  point  solution  that  was  compared  to 
the  combined  INS/GPS  solution  obtained  during  the 
actual  flight.  When  this  analysis  was  performed  on  the 
data  from  the  first  flight  an  oscillation  in  the  point  solution 
altitude  appears  (Figure  9).  The  guidance  did  not  respond 
to  the  altitude  oscillation.  The  oscillation  that  appears  in 
the  point  solution  is  probably  affecting  the  Kalman  filter 
combined  INS/GPS  solution  causing  an  erroneous  slowly 
varying  bias  and  by  increasing  the  filter  residuals.  This 
same  oscillation  also  appears  in  the  pseudorange  minus 
integrated  delta  range  plot  for  free  flight  one  (Figure  10). 
Although  a  final  determination  on  the  source  of  these 
errors  has  not  been  completed,  analysis  to  date  indicates 
that  the  performance  observed  is  consistent  with 
multipath.  It  is  also  interesting  to  note  that  when  the  GPS 
switched  to  the  rear  antenna  (all  except  channel  one)  at 
around  61438  seconds,  the  oscillation  seems  to  disappear 
and  the  GPS  solution  appears  to  more  accurately  reflect 
the  true  position. 

Figure  10  shows  a  continual  oscillation  on  satellite  19 
indicating  multipath  during  the  low  dynamic  part  of  the 
flight.  It  is  also  interesting  to  note  that  satellite  two 
(channel  one)  never  switches  antennas,  yet  slowly 
diverges  from  the  pack,  again  leading  us  to  believe  that 
multipath  is  the  source  of  the  error.  The  big  Jumps  are 
due  to  antenna  switching  from  the  front  antenna  to  the  rear 
antenna.  All  channels  except  channel  one  switched. 


Figure  9.  Free  Flight  1:  INS/GPS  Solution  -  GPS 
Point  Solution 

Figure  1 1  shows  the  impact  points  for  three  of  the  free 
flight  tests  against  horizontal  targets.  The  target  is  located 
at  0,0  and  the  diamond  symbol  indicates  where  the 
weapon  actually  impacted.  Analysis  of  the  Telemetry  data 
provided  an  independent  GPS  point  solution  (corrected  by 
DGPS),  and  the  predicted  impact  point  assuming  the  point 
solution  was  used  is  plotted  as  the  “+”  symbol.  The  “x” 
symbol  is  the  INS/GPS  Kalman  filter  residual,  indicating 
that  the  Kalman  filter  was  following  the  GPS  solution. 
Since  the  GPS  point  solution  and  the  IFMU  INS/GPS 
solution  agree  but  appear  to  be  off  by  approximately 
three  meters,  any  future  improvement  in  navigation 
accuracy  must  be  accomplished  by  improving  the  GPS 
accuracy,  rather  than  filter  tuning  or  improvement  in  INS 
instruments.  The  GPS  navigation  error  can  be  attributed 
to  multipath  affecting  the  GPS  receiver.  The  square 
symbol  indicates  the  predicted  impact  point  using 
uncorrected  GPS. 
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Figure  10.  Free  Flight  1:  Pseudorange  -  Integrated 
Deltarange 


417 


HofizontelTafgat~Drops1.2Bnd5 


— 

— 

- 1 

- 

- 1 - 

Itnpact  « 
Poinl  Solution  w/c  + 

Rosidiial  X 

m 

+2 

X2 

XI  : 

+5 

♦2 

■  +1 

05XS 

ES 

□1 

i _ 1 - 

East«fror(m) 


Figure  11.  Horizontal  Targets:  Position  Error  at 
Impact 

Multipath  Effects  on  EDGE  Accuracy.  The  major 
navigation  error  contributor  in  the  EDGE  flights  was  the 
corruption  of  the  GPS  signals  by  multipath  [10].  The  test 
for  multipath  is  to  integrate  the  deltarange  minus  the 
pseudorange  or  “code  minus  integrated  deltarange”  plots. 
The  resultant  plot  of  the  individual  GPS  receiver  channels 
should  be  straight  lines  with  only  receiver  noise  causing 
some  randomness.  If  the  plots  show  the  channels 
wandering,  then  either  the  receiver  is  seeing  multipath  or 
the  GPS  receiver  tracking  loops  are  affected  by  dynamics. 
Extensive  testing  of  the  GPS  receiver  using  a  Northern 
Telecom  simulator  showed  little  effects  on  the  GPS 
receiver  do  to  dynamics,  thus  the  only  conclusion  is  that 
the  EDGE  weapon  is  significantly  effected  by  multipath. 

As  an  additional  check,  a  point  solution  using  just  the 
GPS  receiver  supplied  data  and  the  differential  corrections 
shows  the  integrated  navigation  solution  tracking  the  GPS 
solution  to  within  a  meter,  yet  the  miss  distance  was 
consistently  around  three  to  four  meters,  much  greater 
than  the  less  than  one  meter  error  predicted  by  the 
differential  network.  The  code  minus  integrated  delta 
range  plots  for  the  four  free  flights  against  a  horizontal 
target  show  a  significant  change  when  the  vehicle  pitches 
over. 

As  an  example.  Figure  10  shows  a  one  meter  change  in 
channel  one  (no  antenna  switch  occurred  on  channel  one) 
during  free  flight  two.  The  code  minus  integrated  delta 
range  plots  for  free  flight  one  shows  a  single  channel  that 
is  continually  effected  after  launch  and  before  pitch  over. 
This  same  oscillation  shows  up  in  the  point  solution 
(Figure  9).  The  IFMU  Kalman  filter’s  preprocessing 
smoothes  the  oscillation  by  using  a  least  squares  fit  over 
five  GPS  samples,  but  it  is  unlikely  that  the  oscillations 
caused  by  multipath  are  random  about  the  true  answer. 

An  analysis  of  the  point  solution  shows  that  as  the  vehicle 
pitehes  over,  the  solution  starts  to  move  towards  the 


target,  but  even  the  last  data  point  transmitted  still  is  not  at 
the  target  with  the  expected  accuracy  estimated  by  the 
differential  GPS  network.  The  multipath  appears  most 
prevalent  when  the  GPS  receiver  is  using  the  top  mounted 
antenna,  because  as  the  vehicle  pitches  over  and  the  GPS 
receiver  switches  to  the  rear  antenna,  the  GPS  solution 
(and  the  integrated  INS/GPS  solution)  start  to  drive 
towards  the  actual  target. 

The  point  solution  of  the  GPS  data  alone  (corrected  by  the 
differential  corrections)  shows  that  the  GPS  solution  is  the 
major  error  contributor  to  the  miss  distance  in  all  flights 
and  most  important,  the  GPS  receiver’s  solution  is 
corrupted  by  multipath  effects,  which  are  external  to  the 
receiver  itself.  The  integrated  GPS/INS  solution  is 
heavily  weighted  towards  the  GPS  solution  because  the 
differential  corrections  supplied  were  assumed  to  be  very 
accurate.  As  a  result,  the  integrated  GPS/INS  solution 
follows  the  GPS.  Since  the  GPS  solution  is  in  error  and 
misses  the  target,  modifications  to  the  Kalman  filter  noise 
parameters  alone  would  not  likely  improve  navigation 
performanee.  Correeting  the  multipath  effects  of  the 
weapon  on  the  GPS  receiver,  would  result  in  additional 
accuracy. 

5.0  GPS  DISCUSSION 

GPSSIM  Mission  Planning  Software.  A  GPS  mission 
planning  software  package  called  GPSSIM  was  developed 
by  the  EDGE  team.  GPSSIM  uses  GPS  almanac  data  to 
compute  visible  satellites  and  dilution  of  precision  (DOP) 
values  with  respect  to  a  reference  location  specified  by  the 
user.  GPSSIM  models  both  a  horizon  antenna  mask  angle 
and  a  body  fixed  antenna  mask  angle.  GPSSIM  is  a 
Matlab-based  tool  and  its  inputs  include  latitude  and 
longitude  information  for  the  reference  location  (for 
EDGE,  the  reference  location  is  Eglin  AFB,  FL),  pitch 
and  heading  of  the  weapon  at  release  (needed  in  the 
variable  mask  angle  computation),  and  GPS  almanac  data 

Upon  start-up,  the  GPSSIM  simulation  initializes  time  and 
date  from  the  computer  clock  and  uses  the  GPS  almanac 
data  to  determine  what  satellites  are  visible  to  the 
reference  location.  Four  windows  are  displayed  by 
GPSSIM;  a  DOP  table  window,  a  satellite  availability 
window,  a  GPS  receiver  masking  window,  and  an  input 
window.  These  four  windows  are  shown  in  Figure  12. 

This  tool  proved  to  be  invaluable  for  examining  the  DOP 
for  the  set  of  satellites  likely  to  be  selected  during  free 
flight,  ensuring  that  no  masking  problems  were  likely  to 
occur,  and  in  preparing  for  possible  lODE  mismatches. 
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Figure  12.  GPSSIM  Display  (All  Four  Screens) 


EDGE  Variable  Mask  Angle.  The  weapon  GPS  receiver 
configuration  for  the  EDGE  Program  uses  a  variable 
satellite  masking  angle.  The  mask  angle  is  used  to  avoid 
selecting  satellites  that  are  low  on  the  horizon  or  low  with 
respect  to  the  attitude  of  the  GPS  antenna,  and  thus 
difficult  for  the  receiver  to  track.  Therefore,  the  variable 
mask  angle  helps  ensure  fast  GPS  acquisition  and  avoids 
the  loss  of  track  on  a  satellite  during  flight.  The  variable 
mask  angle  depends  on  the  attitude  (heading  and  pitch 
angle)  of  the  weapon  at  release  and  two  additional  angles 
called  the  horizon  mask  angle  and  the  body  mask  angle. 
The  horizon  and  body  mask  angles  are  depicted  in  Figure 
13. 


Figure  13.  Body  and  Horizon  Mask  Angles  used  in 
Computation  of  Variable  Mask  Angle 

The  horizon  mask  angle  can  be  thought  of  as  the  minimum 
value  that  the  variable  mask  angle  can  have,  as  measured 
from  the  horizon.  The  body  mask  angle  is  measured 
relative  to  the  body  of  the  weapon  and  comes  into  play 
when  the  pitch  of  the  weapon  is  different  from  zero.  If  the 
weapon  attitude  is  such  that  the  pitch  is  zero,  the  EDGE 
mask  angle  constant.  The  EDGE  mask  angle  is  variable 
because  it  changes  as  the  azimuth  angle  with  respect  to  the 


heading  of  the  weapon  changes.  The  EDGE  mask  angle  is 
computed  according  to  the  following  equation: 

mask_ang{az)  =  m20^or_mask,  -j  +  body_masf^ 

where  az  is  azimuth  angle,  pitch  is  the  weapon  pitch  angle 
and  heading  is  the  weapon  heading.  Note  that  all  angles 
are  in  degrees  in  the  above  equation.  Thus,  the  variable 
mask  angle  is  a  function  of  the  azimuth  angle  and  changes 
as  the  azimuth  angle  sweeps  from  the  nose  of  the  weapon 
to  the  tail  of  the  weapon.  The  mask  angle  directly  off  the 
nose  of  the  weapon  is  the  maximum  of  the  horizon  mask 
angle  and  the  sum  of  the  weapon  pitch  angle  and  the  body 
mask  angle.  Directly  behind  the  weapon,  the  mask  angle 
is  the  maximum  of  the  horizon  mask  angle  and  the  body 
mask  angle  minus  the  weapon  pitch  angle.  In  the  area 
sweeping  from  the  nose  of  the  weapon  to  the  tail  of  the 
weapon,  the  mask  angle  varies  as  a  function  of  the 
azimuth  angle. 

Navigation  Message  Uploads.  Ephemeris  fit  intervals 
(page  changes  on-board  the  GPS  satellites)  do  not 
significantly  affect  navigation  accuracy.  Navigation 
uploads  from  2SOPS  to  the  satellites,  however,  can  cause 
lODE  mismatches  between  the  weapon  ephemeris  and  the 
ephemeris  for  which  the  differential  corrections  are  valid. 
Software  can  easily  correct  this  problem,  thus  this  should 
not  be  an  issue  for  a  fully  operational  weapon  system. 

For  the  EDGE  captive  carry  missions  and  the  first  dress 
rehearsals,  no  precautions  were  taken  to  ensure  that 
navigation  uploads  did  not  occur.  Data  gathered  on 
passes  for  which  lODE  mismatches  occurred  was  not 
useful  to  some  analysis  areas.  For  free  flight  missions, 
EDGE  engineers  worked  in  close  cooperation  with  2SOPS 
operations  personnel  to  ensure  that  the  satellites  likely  to 
be  used  by  the  weapon  GPS  receiver  did  not  undergo 
navigation  uploads  during  the  flight  test.  This  practice 
would  have  been  very  helpful  oh  all  of  the  EDGE 
missions. 

GPS  Scheduled  Maintenance.  During  periods  of 
scheduled  maintenance  of  the  GPS  satellites  or  ground 
station  hardware,  the  GPS  accuracy  over  certain 
geographic  locations  may  be  degraded.  Scheduled 
maintenance  is  routinely  accomplished  for  tasks  such  as 
orbital  maneuvers,  attitude  adjustments,  and  battery 
charging  during  eclipse  periods.  In  addition,  2SOPS 
periodically  conducts  special  tests  on  the  GPS 
constellation.  One  such  test  during  Phase  I  of  the  SRI 
differential  GPS  study  caused  GPS  accuracy  to  be 
somewhat  higher  than  normal,  thus  impacting  the 
comparison  of  baseline  GPS  accuracy  compared  to 
differential  accuracy.  Mission  planning  in  this  area 
involved  checking  several  bulletin  boards  (2SOPS  and 
Holloman  AFB)  for  Notice  Advisories  to  Navstar  Users 
(NANUs)  which  report  on  scheduled  maintenance  of  the 
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GPS  satellites.  Thus,  if  a  satellite  is  scheduled  for 
maintenance  on  the  mission  date,  this  can  be  taken  into 
account  in  the  GPSSIM  mission  planning  software  by 
making  that  satellite  unhealthy  (a  change  can  be  made  in 
the  code  to  force  the  simulation  to  consider  a  satellite  not 
selectable  for  navigation).  There  were  occasions  where 
mission  planning  was  performed  assuming  a  satellite 
would  be  unhealthy  (as  indicated  in  a  NANU)  and  the 
satellite  was  actually  healthy  at  mission  time.  There  were 
also  occasions  where  satellites  were  seen  as  unhealthy 
during  the  mission  whereas  there  had  been  no  NANU 
reported.  In  these  instances,  the  GPSSIM  mission 
planning  software  was  run  real-time  in  the  Central  Control 
Facility  to  account  for  these  discrepancies. 

GPS  Satellite  Geometry.  Throughout  EDGE  captive 
carry  and  free  flight  missions,  several  additional  GPS 
mission  planning  areas  came  about  as  a  result  of  the 
behavior  trends  of  the  lEC  receiver.  The  fast  acquisition 
algorithm  in  the  receiver  is  dependent  on  the  first  channel 
of  the  receiver.  Thus,  if  the  first  satellite  was  tow  on  the 
horizon  and  had  a  weak  signal  strength,  this  often  lead  to 
long  acquisition  times  and  poor  tracking  performance.  In 
an  attempt  to  avoid  this  problem,  GPS  mission  planning 
involved  selecting  mission  times  during  which  the  satellite 
selected  in  the  first  channel  of  the  receiver  was  not  low  on 
the  horizon.  The  cutoff  angle  for  the  first  satellite  was  set 
to  ten  degrees.  The  GPSSIM  software  used  a  model  of 
the  lEC  satellite  selection  algorithm  to  predict  the 
satellites  the  receiver  would  select  for  navigation. 

Mission  times  were  selected  according  to  when  the  first 
satellite  in  the  list  had  an  elevation  angle  greater  than  ten 
degrees  (the  lEC  receiver  sorted  the  satellites  in  numerical 
order  based  on  PRN  numbers;  therefore,  the  satellite  in 
the  first  channel  of  the  receiver  was  always  the  selected 
satellite  with  the  lowest  PRN  number). 

When  a  satellite  is  low  on  the  horizon,  the  ionospheric  and 
tropospheric  errors  associated  with  that  satellite  tend  to  be 
larger  than  those  for  higher  elevation  satellites,  and  the 
signal  strength  is  generally  weaker.  The  WPDOP  satellite 
selection  algorithm,  however,  has  a  tendency  to  select  low 
elevation  satellites.  For  the  final  EDGE  mission, 
consisting  of  free  flights  five  and  six,  an  attempt  was  made 
to  find  a  mission  time  during  which  the  receiver  selects 
satellites  above  fifteen  degrees  so  that  these  errors  would 
be  minimized.  Finally,  GPS  mission  planning  was  used  to 
avoid  selecting  satellites  that  were  located  directly  behind 
the  weapon  and  setting  (i.e.,  low  on  the  horizon)  because 
the  receiver  had  difficulty  maintaining  track  of  such 
satellites. 

Weighted  PDOP  (WPDOP)  Satellite  Selection 
Algorithm.  The  EDGE  satellite  selection  algorithm  is 
based  on  WPDOP;  the  set  of  five  visible  satellites  that  are 
above  the  variable  mask  angle  with  the  minimum  WPDOP 
value  is  the  set  selected  by  the  receiver  for  navigation. 

The  weighting  in  the  weighted  PDOP  algorithm  is  a 


tropospheric  weighting,  which  is  shown  plotted  in  Figure 
14.  In  addition,  the  satellite  selection  algorithm  will  only 
select  satellites  which  it  predicts  to  remain  visible  and 
above  the  variable  mask  angle  for  a  period  of  five  minutes 
from  the  time  of  selection. 


Tropospheric  Weighting  Used  In  Weighted  PDOP  Algorithm 


6. 0  LESSONS  LEARNED 

Although  the  EDGE  program  met  all  its  objectives  and 
achieved  phenomenal  results  of  approximately  4  m  CEP 
there  were  many  lessons  learned  in  the  area  of  navigation 
and  GPS  during  the  EDGE  program.  This  section 
provides  suggestions  for  future  programs  and  identifies 
some  areas  for  further  research  that  will  further  enhance 
precision  munitions  accuracy. 

DGPS  Errors.  For  future  programs,  additional  emphasis 
should  be  placed  on  characterizing  the  DGPS  errors. 

These  errors  include  the  weapon  receiver’s  ability  to 
estimate  ionospheric  and  tropospheric  corrections, 
multipath  effects,  correction  latency  errors,  errors  due  to 
lODE  mismatches.  Multipath,  in  particular,  may  have  had 
a  significant  influence  on  the  EDGE  weapon  CEP. 

Using  Carrier  Phase  Scoring  to  Evaluate  Navigation 
Filter  Performance.  Carrier  phase  (CAPTIDE)  scoring 
was  included  as  a  “piggyback”  test  under  the  EDGE  test 
program.  Because  of  the  success  of  the  CAPTIDE  testing 
under  EDGE,  carrier  phase  offers  an  excellent  method  for 
high  accuracy  navigation  scoring  of  precision  guided 
munitions  (PGMs).  To  use  the  fullest  capability  of  carrier 
phase  scoring,  CAPTIDE  needs  to  be  integrated  in  the  test 
process  at  the  start  of  the  test  program.  In  addition,  the 
weapon  antenna  must  be  placed  in  such  a  position  as  to 
prevent  aircraft  masking  problems  during  captive  carry 
(and  possible  dry  passes)  missions. 

Flight  Filter  Structure.  At  the  beginning  of  EDGE,  we 
knew  we  would  have  time  make  only  minor  modifications 
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to  the  flight  navigation  filter.  Several  modifications  have 
the  potential  for  further  improving  navigation  accuracy, 
and  these  will  be  pursued  in  future  efforts. 

Weapon  GPS  Receiver.  Allowing  the  receiver  to  use 
carrier  smoothing  may  significantly  improve  the 
measurement  accuracy  and/or  noise.  This  is  standard  in 
commercial  receivers,  but  we’re  not  aware  of  its  use  in 
military  receivers  due  to  increases  susceptibility  to 
jamming  and  dropouts.  There  might  be  some  way  that  it 
could  be  selectively  used  by  military  receivers. 

EDGE  Satellite  Selection  Algorithm.  Three  areas 
relating  to  the  satellite  selection  algorithm  used  in  the 
weapon  GPS  receiver  are  important  to  discuss. 

a)  The  EDGE  satellite  selection  algorithm  is  based 
on  a  weighted  position  dilution  of  precision 
(WPDOP)  algorithm,  where  the  weighting  factor  is 
based  on  a  tropospheric  model.  The  WPDOP 
algorithm  has  a  tendency  to  select  low  elevation 
satellites,  but  the  lEC  receiver  was  found  to  have 
difficulties  acquiring  and  tracking  low  elevation 
satellites.  The  satellite  selection  algorithm 
implemented  a  variable  mask  angle  based  on  the 
attitude  of  the  weapon  to  help  alleviate  this  problem, 
although  it  did  not  fully  overcome  the  problem. 
Furthermore,  the  selection  algorithm  selects  only 
those  satellites  that  are  predicted  to  remain  above  the 
variable  mask  angle  for  five  minutes  past  the  time  of 
selection.  This  helped  to  ensure  that  the  selected 
satellites  would  not  depart  from  the  field  of  view  for 
the  duration  of  the  mission. 

b)  There  were  several  “Go/No  Go”  criteria 
associated  with  the  set  GPS  satellites  selected  by  the 
receiver  for  navigation.  These  criteria  were  checked 
real-time  in  the  Central  Control  Facility  during 
missions.  Originally,  the  receiver  would  reselect 
satellites  every  five  minutes  or  whenever  it  received 
new  ephemeris  data.  Because  there  was  no  control 
over  when  the  satellite  selection  algorithm  was 
initiated,  there  was  a  risk  that  selection  would  occur 
just  prior  to  weapon  release,  not  allowing  enough 
time  to  check  the  GPS  “Go/No  Go”  criteria.  This 
problem  was  overcome  by  forcing  the  satellite 
selection  to  occur  only  when  an  IDM  transmission 
was  made. 

c)  The  lEC  receiver  ordered  the  selected  satellites  by 
PRN  numbers;  channel  one  was  designated  to  track 
the  selected  satellite  with  the  lowest  PRN  number, 
whereas  channel  five  was  designated  to  track  the 
selected  satellite  with  the  highest  PRN  number.  The 
fast  acquisition  algorithm  in  the  receiver  was 
dependent  on  the  first  channel  of  the  receiver;  if  the 
first  satellite  was  low  on  the  horizon  and  had  a  weak 
signal  strength,  this  could  lead  to  a  long  acquisition 


time  and  poor  tracking  performance.  It  may  have 
been  preferable  to  order  the  satellites  from  highest  to 
lowest  elevation;  channel  one  should  track  the 
satellite  with  the  highest  elevation  angle,  i.e.,  the 
easiest  one  to  acquire. 

Navigation  Uploads.  Navigation  uploads  from  2SOPS  to 
the  satellites  can  cause  lODE  mismatches  between  the 
weapon  ephemeris  and  the  ephemeris  for  which  the 
differential  corrections  are  valid.  Again,  software  can 
easily  correct  this  problem,  thus  this  should  not  be  an 
issue  for  a  fully  operational  weapon  system. 

Location  of  GPS  Antenna  for  Captive  Carry  and 
Dress  Rehearsal  Missions.  The  GPS  antenna  on  the 
EDGE  weapon  often  had  difficulty  tracking  satellites 
during  captive  carry  missions  because  the  aircraft  fuselage 
blocked  its  view.  Because  of  this,  during  many  of  the 
captive  carry  passes  the  receiver  tracked  less  than  five 
satellites.  It  may  have  been  helpful  to  alter  the  location  of 
the  GPS  receiver  antenna  during  captive  and  dress 
rehearsal  missions  so  that  more  data  could  have  been 
collected  when  the  receiver  was  tracking  five  satellites,  as 
it  was  expected  to  do  in  free  flight. 

Secondary  Satellite  Selection.  In  the  beginning  of  the 
EDGE  Program,  the  lEC  receiver  was  setup  to  select  a 
secondary  satellite  in  any  of  its  five  channels  should  it 
lose  track  of  an  originally  selected  satellite.  This  feature 
was  disabled  for  several  reasons.  First,  GPS  mission 
planning  and  the  EDGE  variable  mask  angle  were 
expected  to  ensure  that  the  receiver  would  not  select 
satellites  that  were  likely  to  depart  from  the  field  of  view 
of  the  receiver.  Secondly,  if  the  receiver  were  to  change 
satellites  during  the  flight,  the  filter  solution  would  drift 
and  then  take  approximately  twenty  seconds  to  converge, 
which  would  degrade  the  navigation  performance  of  the 
weapon. 

Flight  Filter  Measurement  Residuals.  Measurement 
residuals  were  somewhat  higher  than  what  expected. 

Even  though  the  simulation  verified  these  levels,  it  would 
be  worthwhile  to  investigate  this  further. 

7.0  CONCLUSIONS 

The  EDGE  High  Gear  program  provided  an  excellent 
opportunity  for  developing  and  testing  DGPS  in  an 
operational  weapon,  the  GBU-15  2000  pound  bomb.  The 
EDGE  program  successfully  met  its  objectives  of 
improved  performance  over  GPS-only  navigation  by 
demonstrating  an  approximate  4  m  CEP.  Over  the 
previous  twelve  months,  the  EDGE  team  members  have 
conducted  extensive  analysis  relating  to  navigation  and 
GPS,  and  have  resolved  several  issues  that  directly 
affecting  navigation  performance.  These  areas  include 
examining  time  to  first  GPS  measurement,  satellite 
selection  algorithm,  flight  filter  measurement  noise  levels. 
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filter  measurement  rates,  filter  measurement  types,  DGPS 
error  budget,  filter  shutoff  time,  and  estimating  navigation 
and  system  CEP. 

Many  of  the  lessons  learned  present  opportunities  for 
further  research  and  analysis.  There  are  two  that  stand  out 
as  key  lessons.  First  is  the  need  to  better  understand 
DGPS  errors,  including  measurement  noise  levels  and 
multipath  effects.  Multipath  effects  likely  had  a  much 
greater  effect  on  miss  distance  (CEP)  than  originally 
thought.  Secondly,  the  importance  of  locating  a  remote 
weapon  GPS  antenna  at  a  location  that  prevents  aircraft 
masking. 
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Abstract 

Applied  Research  Laboratories,  The  University  of 
Texas  at  Austin  (ARL:UT),  has  developed  a  prototype 
portable  impact  location  system  which  utilizes  air 
deployed,  GPS  equipped  sonobuoys  to  localize  the 
acoustic  energy  released  when  a  projectile  impacts  the 
ocean.  Meter  level  impact  localization  is  realized  using  a 
low-cost  OEM  sensor,  and  DGPS  realtime  and 
postprocessing  software.  This  paper  reviews  the 
operational  concept  and  development  constraints  of  the 
portable  impact  location  system,  and  describes  the 
selection,  testing,  and  integration  of  a  low-cost  disposable 
OEM  sensor  into  an  air  deployable  sonobuoy.  In 
addition,  data  reduction  software  developed  to  optimize 
DGPS  positioning  accuracy  is  discussed,  along  with 


preliminary  performance  results  from  open  ocean 
demonstration  tests. 

Introduction 

Current  methods  for  scoring  the  performance  of 
ballistic  weapons,  such  as  naval  guns,  field  artillery,  or 
missiles,  rely  on  extensive  test  range  instrumentation 
(such  as  ground  based  radar  tracking  systems)  and/or  field 
spotters.  Many  of  these  test  systems  require  periodic  re¬ 
surveying  and  calibration  to  ensure  that  accurate  scoring  is 
achieved,  and  provide  limited  flexibility  in  testing 
different  operational  scenarios  (in  the  case  of  a  fixed 
testing  range,  the  weapon  system  must  be  moved  to  test  a 
shorter  or  greater  operational  range).  Perhaps  one  of  the 
most  technically  challenging  weapons  systems  to  support 
with  accurate  test  instrumentation  is  the  performance  of 
naval  guns.  Fixed  test  ranges  typically  involve  long  and 
costly  transit  times  for  ships  which  must  periodically  test 
the  performance  of  their  guns  or  missile  systems.  Use  of 
GPS  technology,  combined  with  traditional  acoustic  based 
localization  methods,  provide  a  means  for  accurately 
scoring  such  weapons  at  any  time,  in  any  ocean,  and  with 
minimal  cost. 

Applied  Research  Laboratories,  The  University  of 
Texas  at  Austin  (ARL:UT),  has  developed  a  prototype 
portable  impact  location  system  to  score  the  performance 
of  weapons  systems  which  utilize  a  ballistic  projectile. 
The  system  utilizes  ship  or  air  deployable  GPS  equipped 
sonobuoys  to  localize  the  acoustic  energy  released  when 
the  projectile  impacts  the  ocean.  Meter  level  impact 
localization  is  obtained  through  the  use  of  a  low-cost, 
disposable  OEM  sensor,  and  DGPS  realtime  and 
postprocessing  software.  The  portable  impact  location 
system  was  developed  with  three  key  design  goals: 

•  Maintain  or  improve  upon  the  scoring  accuracy 

provided  by  current  methods. 
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•  Expand  upon  the  scope  of  traditional  testing  systems 
by  using  a  completely  portable  implementation,  and 

•  Satisfy  the  first  two  goals  while  maintaining 
operational  costs  at  or  below  current  scoring  systems. 

The  design  of  the  portable  impact  location  system  is 
described  graphically  in  Figure  1.  The  system  utilizes  a 
shipboard  reference  system,  an  optional  aircraft 
deployment  system,  and  10-12  disposable  GPS  equipped 


sonobuoys  to  score  the  relative  impact  coordinates  of 
ballistic  projectiles.  The  shipboard  reference  system 
includes  a  geodetic  quality  GPS  receiver,  digital  recording 
equipment,  computer  processing  platform,  and  a  VHF 
data  communication  system.  The  optional  aircraft 
deployment  system  may  possess  similar  components  if  the 
baseline  between  the  launch  platform  is  beyond 
communication  range  of  the  sonobuoy  array. 


Sonobuoy  Array  Diameter:  1-5  km 

Figure  1.  The  portable  impact  location  system  operational  concept. 


In  operation,  the  free-floating  sonobuoys  may  be 
deployed  by  ship  or  aircraft  in  a  pattern  which 
encompasses  the  targeted  impact  area.  During  weapons 
firing,  GPS  and  acoustic  data  telemetered  by  the 
sonobuoys  are  recorded  onto  digital  tape  and  onto  a 
personal  computer  (PC).  In  addition,  the  realtime 
autonomous  positions  and  satellite  tracking  information 
from  each  sonobuoy  is  displayed  to  assess  the  operational 
performance  of  the  sonobuoys. 

Following  data  collection,  data  from  the  dual 
frequency  all-in-view  GPS  receiver  onboard  ship,  along 
with  similar  GPS  data  collected  onboard  the  deployment 
vehicle  (if  available),  and  LI -only  GPS  data  collected 
onboard  the  sonobuoys  are  transferred  to  the  processing 
PC  and  converted  to  receiver  independent  exchange 
(RINEX)  format.  Following  this  conversion  process,  the 
sonobuoy  GPS  data  is  edited,  smoothed,  and  processed 
through  a  DGPS  solution  algorithm  to  provide  a  meter- 
level  relative  position  for  each  of  the  sonobuoys.  The  GPS 


data  smoothing  and  differential  GPS  processing  is 
described  in  greater  detail  later  in  the  paper.  To  obtain 
impact  positions,  the  relative  positions  of  the  sonobuoys 
are  used,  in  conjunction  with  the  received  time  of  each 
acoustic  signal,  to  estimate  a  range  from  each  sonobuoy  to 
the  impact  point.  These  ranges  are  then  combined  in  a 
least  squares  solution  to  determine  the  position  of  the 
impact  point(s)  relative  to  the  ship. 

System  Design 

The  portable  impact  location  system  is  best  described 
as  a  system  comprised  of  four  subsystems;  the  shipboard 
reference  subsystem,  the  deployment  vehicle 
recording/display  subsystem,  the  sonobuoy  subsystem, 
and  the  geolocation  subsystem.  Each  of  the  subsystems 
are  described  in  the  following  sections,  with  emphasis  on 
issues  affecting  the  use  of  GPS  technology  to  meet  the 
operational  system  goals. 
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Reference  Subsystem 

The  reference  subsystem  is  responsible  for  tying  the 
DGPS  positioning  results  to  a  known  WGS84  benchmark 
or  to  the  launch  platform  (in  the  case  of  relative 
positioning).  The  system,  depicted  in  Figure  2  below, 
includes  a  dual  frequency  all-in-view  GPS  receiver,  a 
486/50  MHz  ruggedized  PC  for  data  logging,  a  Davis 
digital  weather  station  for  collection  of  temperature, 
pressure  and  relative  humidity  data,  and  an  UPS  and 
gasoline  powered  generator  for  power.  All  of  these 
components,  with  the  exception  of  the  generator,  are  rack 
mounted  in  a  transportable  case.  The  geodetic  quality 
GPS  receiver  was  selected  for  use  in  the  reference 
subsystem  due  its  excellent  codeless  L2  pseudorange 
performance  (critical  for  ionospheric  correction),  its  all¬ 
in-view  tracking  capability  (important  over  long 
baselines),  the  availability  of  extensive  command  and 
control  software,  and  the  option  to  upgrade  to  Precise 
Positioning  Service  (PPS)  capability  at  a  later  time.  In 
operation,  the  PC  collects  5  second  GPS  and  15  minutes 
weather  data  continuously  throughout  the  test  period.  The 
data  is  archived  to  diskette  (along  with  a  log  file 
containing  benchmark  and  antenna  height  information)  for 
geolocation  data  reduction. 


Figure  2.  Photograph  of  the  reference  subsystem. 


Deployment  Vehicle  Recording/Disolav  Subsystem 

The  role  of  the  vehicle  recording/display  subsystem  is 
to  provide  a  “portable”  short  baseline  reference  site  to  the 
sonobuoy  array,  and  to  link  the  array  to  the  reference 
subsystem  site  which  may  be  over  a  thousand  km  away. 
In  this  capacity,  the  recording/display  subsystem  deploys 
the  sonobuoy s,  records  telemetered  GPS  and  acoustic  data 
from  the  sonobuoys,  and  records  GPS  and  weather  data 
collected  onboard  the  aircraft.  The  system  hardware, 
depicted  in  Figure  3  below,  includes  2  dual  frequency 
Ashtech  Z-12  all-in-view  GPS  receivers,  2  Metrum  RS512 
40  KHz  digital  tape  recorders,  an  Industrial  Computers 
Pentium  90  MHz  PC,  and  assorted  peripherals  such  as  16 
bit  A/D  converters,  multi-port  digiboards,  time  code 
reader  cards,  etc.  (some  of  which  is  located  within  the 
PC). 


Figure  3.  Photograph  of  the  realtime  display  and 
recording  subsystem. 


In  operation,  the  deployment  vehicle  begins  by 
deploying  a  sound  velocity  profile  (SVP)  buoy  to  record 
the  sound  velocity  in  the  impact  area  from  10  to  100 
meters,  and  deploys  10  to  12  sonobuoys  in  an  elliptical 
pattern  about  the  intended  impact  area.  During  sonobuoy 
deployment,  realtime  display  of  sonobuoy  position  and 
satellite  tracking  data  is  used  to  determine  if  the  pattern 
provides  sufficient  geometry  to  support  scoring.  If  not. 
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additional  buoys  are  deployed.  Throughout  the  buoy 
deployment,  and  for  several  minutes  following  the  test, 
GPS  data  is  recorded  on  the  deployment  vehicle  at  a  5 
second  rate,  and  weather  measurements  are  logged  every 
15  minutes.  Following  the  test,  post-test  engineering 
diagnostics  are  generated  to  provide  a  quick  assessment  of 
system  performance,  and  to  ensure  that  sufficient  data  are 
available  for  postprocessing. 


Sonobuov  Subsystem 

The  portable  impact  location  system  sonobuoy, 
graphically  depicted  in  Figure  4,  is  designed  to  transmit, 
via  its  2,400  bps  VHF  communication  link,  raw  GPS 
measurement  data  and  acoustic  data,  at  a  1  Hz  rate.  The 
cost  of  recovering  the  sonobuoys,  coupled  with  the  need 
for  a  flexible  system  that  could  be  deployed  in  severe  sea 
state  conditions,  led  to  the  design  of  a  disposable 
sonobuoy.  The  targeted  sonobuoy  design  goals  were: 


calibrated  hydrophone  to  provide  some  insight  into  cross¬ 
correlation  signal  processing  techniques  to  improve 
accuracy. 


Trimble  SVee-Slx 
GPS  Antenna 


Trimble  SVee-Six  GPS  Receiver 

FSK  Modulator  Board 
(Combines  GPS  and  acoustic 
signals  prior  to  transmission) 


VHF  Antenna 


12  Pole  Low-pass  Filter 
("Clean"  RF  prior  to  transmission) 

Frequency  Synthesized  2,400  bps 
RFTYansmitter 

Power  Distribution  Board 
(Conditions  battery  power) 

Sonobuoy  Chassis 

(Injected  with  additional  flotation) 

Sea  Water  Battery 


CalUbrated  Hydrophone 


Figure  4.  Graphical  sketch  of  the  sonobuoy  components. 


•  Maximum  cost  <$  1 ,000.00  per  unit 

•  GPS  OEM  form  factor  <4x4  inches 

•  GPS  OEM  power  draw  of  <5  watts 

•  GPS  pseudorange  measurement  noise  <1  m  (1  a) 

•  Survivability  rate  of  85%  (when  aircraft  dropped) 

Design  of  the  portable  impact  location  system 
sonobuoy  was  therefore  based  upon  a  standard  Spartan 
model  AN/QQS-53D  sonobuoy,  coupled  with  a  low-cost 
GPS  OEM  receiver  and  hydrophone.  The  primary  design 
issues  were  an  acceptable  hydrophone  response  as  a 
function  of  range  to  the  impact  point,  and  use  of  a 


Following  a  test  of  several  classes  of  hydrophones  in 
the  Gulf  of  Mexico,  a  HyTech  -168  dB  re  IV/mPa 
hydrophone  was  chosen  for  use  in  the  sonobuoy.  In 
selecting  the  GPS  OEM  receiver  for  the  buoy,  cost 
became  a  primary  constraint,  followed  by  performance, 
suitable  form  factor,  and  flexible  command  and  control 
functions.  Several  OEM  receivers  were  evaluated  for  use 
in  the  portable  impact  location  system  sonobuoy. 
Laboratory  test  results,  displayed  in  Table  1,  were  used  to 
identify  two  primary  candidate  receivers  which  were 
tested  in  actual  aircraft  drops  in  the  Gulf  of  Mexico. 


Table  1.  Laboratory  Test  Results  GPS  OEM  Receivers 


Receiver  Type 

Receiver 

Cost 

Measurement  Error 

1  Sigma  (m) 

Size 

(<4x4  in) 

Power 
(<5  watts) 

Variable 
Data  Rate 

Error 

Checksums 

Ashtech  Sensor  II 

$1,200 

3.5  (22,069  epochs) 

Yes 

Yes 

Yes 

Yes 

NovAtel  215 IR 

$6,000 

0.9  (25,928  epochs) 

No 

Yes 

Yes 

Yes 

Trimble  SVee-Six 

$450 

4.6  (21,322  epochs) 

Yes 

Yes 

No 

No 

Navstar  XR5 

$3,000 

3.0  (18,569  epochs) 

No 

Yes 

Yes 

Yes 

Of  the  receivers  tested,  the  Trimble  SVee-Six  GPS 
OEM  receiver  was  selected  for  use  in  the  sonobuoy.  The 
SVee-Six  receiver  did  not  represent  the  best  available 
GPS  receiver  technology  with  regards  to  performance. 
However,  given  future  trends  in  receiver  form  factor  and 
capability,  the  Trimble  receiver  was  identified  as  the  best 
choice  for  the  current  sonobuoy.  Use  of  the  SVee-Six 
OEM  receiver  did,  however,  require  unplanned 
development  in  the  postprocessing  software  to  address 
limitations  in  receiver  command  and  control  and 
measurement  quality. 


The  OEM  command  and  control  interface  did  not 
support  variable  data  rates,  and  therefore  the  realtime 
recording  system  had  to  be  stripped  of  any  processes  not 
critical  to  data  recording  in  order  to  keep  up  with  a  1 
second  data  rate.  In  addition,  an  error  message  checksum 
was  not  provided  on  the  output  messages.  This  required  a 
modification  to  the  realtime  read  routines  to  include  a 
time  consuming  bit-by-bit  read  whenever  the  message  was 
corrupted  during  transmission.  These  modifications 
limited  the  amount  of  realtime  monitoring  and  sonobuoy 
tracking  planned,  but  were  mitigated  by  converting  much 
of  the  realtime  processing  software  to  OS/2  to  take 
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advantage  of  parallel  processing,  and  by  upgrading  the  PC 
used  in  the  recording/display  subsystem  from  a  486/50 
MHz  to  a  Pentium  class  90  MHz  PC. 

The  portable  impact  location  system  relies  upon 
meter  level  relative  positioning  between  sonobuoys  to 
achieve  meter  level  acoustic  positioning  of  the  impact 
points.  To  achieve  this  level  of  positioning,  not  only  must 
the  buoy-to-buoy  separation  distance  be  short  enough  to 
cancel  common  mode  errors  (such  as  selective  availability 
(SA),  satellite  orbit,  and  atmospheric  errors),  but  the 
measurement  quality  from  the  sonobuoys  ideally  should 
be  at  the  1  meter  level  as  well  (1  sigma).  Statistics  from 
OEM  measurement  data  collected  in  the  laboratory  and  at 
sea  indicated  a  1  sigma  pseudorange  measurement  error  of 
4.6  to  5.5  meters,  as  shown  in  Table  2.  Although  this  was 
a  recognized  limitation  in  the  low-cost  OEM  receiver 
chosen  for  the  sonobuoy,  it  was  expected  that  some  form 
of  smoothing  technique  would  reduce  the  random 
component  of  the  measurement  error. 

To  this  end,  several  measurement  enhancement 
procedures  were  implemented  in  the  postprocessing 
software.  First,  the  doppler  data  reported  by  the  receiver 
was  integrated  to  form  low-noise  doppler  range.  The 
intent  behind  this  modification  was  to  provide  an 
observable  for  directly  smoothing  the  pseudorange 
measurements  [Hatch,  1982].  However,  doppler 
integration  outside  the  code  tracking  loops  produced 
doppler  range  measurements  with  repeated  cycle 
discontinuities,  which  made  direct  pseudorange  smoothing 
ineffective.  However,  this  observable  did  provide  a 
reliable  model  of  S A,  satellite  orbit,  and  other  GPS  system 
trends.  Therefore,  differencing  the  pseudorange  from  the 
doppler  range  provided  an  observable  which  represented 
pseudorange  measurement  noise,  signal  multipath,  and 
twice  the  ionospheric  drift.  A  Fast  Fourier  Transform 
(FFT)  smoothing  technique  was  then  applied  to  this 
observable  to  reduce  the  measurement  noise  component 
[Press,  W.,  1992].  This  was  performed  by  using  an  FFT 
conversion  over  a  400  second  window  of  data,  and 
removing  the  high  frequency  (10+  KHz)  signals  which 
represented  measurement  noise.  The  resulting 
“smoothed”  measurements  were  then  re-applied  to  the 
doppler  range  measurement  to  produce  pseudoranges  with 
a  1  sigma  measurement  error  of  1.9  to  2.3  meters;  a  factor 
of  about  2  improvement  over  unsmoothed  pseudorange 
measurements.  The  results  of  this  smoothing  approach  are 
summarized  in  Table  2  below. 


Table  2.  Results  of  FFT  Smoothing  on  Trimble  SVee-Six 
Pseudorange  Measurement  Data 


Data  Type 

Laboratory 

Environment 

1  Sigma  Error  (m) 

Ocean 

Environment 

1  Sigma  Error  (m) 

Not 

Smoothed 

4.6 

(21,322  epochs) 

5.5 

(111,284  epochs) 

Smoothed 

1.9 

(20,945  epochs) 

2.3 

(109,318  epochs) 

Finally,  several  hardware  modifications  were  required 
to  successfully  adapt  the  low-cost  OEM  receiver  to  the 
AN/QQS-53D  sonobuoy.  For  example,  laboratory  testing 
indicated  that  the  9th  and  10th  harmonic  of  the  sonobuoy 
transmitter  significantly  interfered  with  the  GPS  L-band 
signal.  The  original  transmitter  used  a  crystal  frequency 
multiplier  to  obtain  the  transmit  frequency,  and  while  this 
was  suitable  for  its  original  use,  we  found  it  to  be 
unusable  even  with  a  12  pole  low  pass  filter  on  the 
transmitter  output.  Transitioning  to  a  frequency 
synthesized  transmitter  and  reducing  the  output  power  to 
0.8  watts  (from  1.25-1.50  watts)  provided  a  much  cleaner 
signal  and  eliminated  L-band  interference.  In  addition,  it 
was  discovered  that  the  sea  water  battery  induced  a  power 
spike  into  the  OEM  receiver  which  erased  its  pre-loaded 
command  instructions.  A  power  distribution  board  was 
therefore  added  to  the  system  to  prevent  power  spikes 
from  effecting  the  GPS  receiver.  Several  other  electronic 
and  mechanical  modifications  were  required  to  integrate 
the  GPS  receiver  into  the  stock  sonobuoy,  including 
development  of  a  Frequency  Shift  Keying  (FSK) 
modulator  board  to  combine  the  acoustic  and  GPS 
measurement  data  into  a  16  KHz  signal  for  transmission, 
and  injecting  additional  floatation  into  the  sonobuoy 
chassis  to  offset  the  added  weight  of  the  GPS  electronics. 

Geolocation  Subsystem 

The  geolocation  subsystem  consists  of  a  Pentium  90 
MHz  PC  with  embedded  multiport  Digiboard,  a  National 
Instruments  multifunction  I/O  A/D  board,  and  a  Datum 
PC05XT  time  code  reader  board.  Sonobuoy  GPS  and 
acoustic  data  recorded  to  the  Metrum  digital  recorders 
onboard  the  aircraft,  along  with  aircraft  and  reference  site 
GPS  and  weather  data,  are  all  downloaded  to  the 
geolocation  PC  for  processing.  Several  programs  written 
in  C  and  FORTRAN  are  used  to  process  the  GPS  and 
acoustic  data.  All  software  is  activated  through  Windows 
icons,  utilizes  graphical  user  interfaces  (GUIs),  and  is 
designed  to  run  in  batch  mode.  The  geolocation 
postprocessing  methodology  is  described  graphically  in 
Figure  5. 
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Figure  5.  Graphical  representation  of  the  geolocation  subsystem  software. 


As  shown  in  Figure  5,  the  geolocation  postprocessing 
software  begins  with  several  batch  driven  programs  for 
converting  the  GPS  data  into  RINEX  format.  Following 
the  conversion  process,  GPS  data  from  the  sonobuoys  Eire 
edited  for  spurious  pseudorange  measurements  utilizing 
the  fact  that  they  are  constrained  to  the  geoid.  In  addition, 
the  sonobuoy  GPS  data  is  smoothed  (discussed  earlier), 
and  combined  with  GPS  and  weather  data  from  the 
reference  site  and  aircraft  (if  used).  The  weather  data  is 
used  in  a  Modified  Hopfield  model  to  account  for  most  of 
the  tropospheric  error,  and  dual  frequency  pseudorange 
measurements  are  used  to  correct  for  the  ionospheric  error 
between  the  reference  site  and  the  aircraft  (if  necessary). 
Other  errors,  such  as  SA,  satellite  and  receiver  clock, 
satellite  orbit,  and  residual  tropospheric  errors,  effectively 
cancel  in  the  least  squares  double  difference  pseudorange 
solution  algorithm.  The  relative  differential  GPS  (DGPS) 
positions  for  the  sonobuoys  are  then  used  in  the  acoustic 
processing  software  to  determine  the  positions  of  the 
impact  points. 

Processing  of  the  acoustic  data  is  performed  in  two 
steps,  1)  the  acoustic  data  is  digitized  at  a  10  KHz  rate, 
and  the  leading  edge  of  the  received  signal  is  time 
stamped  with  1  millisecond  timing  accuracy,  and  2)  the 
impact  time  tags  and  corresponding  sonobuoy  positions 
are  processed  through  a  permutation  program  to  determine 
a  specific  impact  point  which  agrees  with  a  set  of 
sonobuoy  positions  and  impact  times. 

Acoustic  data  recorded  in  realtime  to  tape  is  played 
back  through  a  10  KHz  high  pass  filter,  and  digitized  at  a 
10  KHz  rate.  Through  the  digitization  process  IRIG-B 
time  code  (recorded  on  one  channel  of  the  tape  from  a 


GPS  timing  receiver)  is  used  to  assign  a  UTC  time  stamp 
every  1  millisecond  to  the  digitized  samples.  Up  to  8 
sonobuoy  channels  can  be  digitized  simultaneously  using 
the  LabView-based  program.  In  addition,  the  audio  track 
is  monitored  during  digitization  to  distinguish  actual 
acoustic  events  from  reverberation,  and  to  limit  the 
amount  of  data  digitized  to  only  the  data  of  interest  about 
the  impact  period.  Once  digitized,  a  high  resolution  graph 
of  a  subset  of  the  captured  data  is  displayed,  and  the 
leading  edge  of  the  acoustic  events  for  each  sonobuoy  are 
tagged.  The  digitization  process  concludes  with  a  file  of 
event  times  for  each  sonobuoy  stored  for  permutation 
processing. 

The  permutation  process  begins  by  recording  the 
sound  velocity  profile  of  the  impact  region  using  a 
disposable  sound  velocity  buoy.  This  information,  along 
with  precise  GPS  positions  for  the  sonobuoys  and  the 
impact  times  file  created  earlier,  are  used  to  compute  a 
position  for  the  impact  points  relative  to  the  sonobuoy 
positions.  This  processing  is  performed  using  the 
permutation  program  GAMARAY  [Stotts,  1994], 
developed  at  ARL:UT.  Source  localization  begins  with  a 
two  dimensional  grid  overlying  the  entire  sonobuoy  array. 
At  each  grid  point  a  direct  path  is  calculated  to  each 
receiver  location.  A  reference  receiver  (sonobuoy)  is 
chosen  arbitrarily  to  compare  the  model  time  structure 
arrivals  with  the  data.  All  travel  times  are  then  calculated 
relative  to  this  reference  receiver.  The  horizontal  range, 
R,  from  grid  point  (xj^yj)  to  the  receiver  ,  is  given  by, 

R  =  ((Xi-x/  +  (yi-y/)*^  [1] 
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The  direct  path  travel  time  from  grid  point  (xj^yi), 
assuming  constant  sound  speed,  to  the  receiver  is  given 
by 

Tij  =  ((Xi-Xj)^  +  (yi-yj)^)'^  [2] 

c 

'^rec 

where  Crec  is  the  sound  speed  taken  at  the  receiver  depth 
(10  meters).  The  relative  travel  time  of  the  grid  point 
from  the  reference  receiver,  r,  for  the  i^^^  receiver  is 
therefore  given  by 

T^  =  Tir-Ty  [3] 

Based  upon  these  relative  travel  times,  a  least  squares 
error  term  is  calculated  for  each  grid  point.  This  error  is 
calculated  through  the  following  expression 

N 

(Ty-Tdj)^  [4] 

where  N  corresponds  to  the  number  of  receivers,  and  the  d 
subscript  in  the  second  T  term  in  equation  [4]  corresponds 
to  the  reference  receiver  data.  Next,  the  minimum  value 
of  Li  is  found,  and  the  grid  location  corresponding  to  this 
value  is  saved.  This  corresponds  to 

Emin  =  min  (Li)  [5] 

A  new  grid  is  constructed  centered  about  the 
minimum  point,  Emin*  with  a  smaller  grid  spacing,  i.e., 
100  meters.  This  procedure  is  repeated  for  10  meters  and 
finally  1  meter  grid  spacing.  This  final  spacing 
approaches  the  limit  of  the  GPS  buoy  location  accuracy. 

System  Performance  Results 

The  prototype  portable  impact  location  system  has 
been  demonstrated  in  two  sea  tests.  The  first  test  occurred 
in  mild  sea  conditions  (estimated  sea  state  2),  while  the 
second  occurred  during  fairly  rough  seas  (estimated  sea 
state  4).  For  both  tests  the  baseline  distance  between  the 
reference  site  and  the  impact  region  was  approximately 
2,500  km,  and  therefore  an  aircraft  deployment/recording 
platform  was  used.  In  both  tests  the  recording/display 
subsystem  performed  well,  with  GPS  and  acoustic  data 
successfully  recorded  onto  the  digital  tape  recorders,  and 
with  realtime  displays  of  the  sonobuoy  reported  PVTs 
used  for  deployment  of  the  buoy  pattern.  Performance  of 
the  sonobuoys  and  the  geolocation  subsystems  are 
described  in  greater  detail  in  the  following  sections. 


Sonobuoy  Subsystem  Performance 

Initial  aircraft  drop  tests  in  a  controlled  ocean 
environment  were  used  to  assess  sonobuoy  performance, 
finalize  the  baseline  sonobuoy  configuration,  and  identify 
any  necessary  enhancements  prior  to  the  planned  at  sea 
tests.  Based  upon  these  drop  tests,  the  expected 
survivability  rate  for  the  sonobuoy  was  approximately 
80%  (80%  of  the  sonobuoys  fully  operational  following 
deployment),  and  the  root  mean  square  (RMS)  of  the 
smoothed  pseudorange  measurement  error  was  2.3  meters 
(as  shown  in  Table  2). 

Sonobuoy  performance  based  upon  drop  test  A, 
however,  was  not  as  successful.  Only  4  of  the  8 
sonobuoys  dropped  provided  realtime  PVT  information. 
Further  analysis  of  the  recorded  data,  however,  revealed 
that  the  aircraft  RF  receiver  control  interface  introduced 
errors  into  the  data  received  from  buoys  5,  6,  and  possibly 
7,  as  shown  in  Table  3.  When  taken  into  account,  this 
indicates  a  sonobuoy  survivability  rate  of  75%  (6  of  8); 
consistent  with  the  results  of  the  initial  drop  tests. 
Another  interesting  result  from  test  A  was  the  observed 
GPS  measurement  noise.  The  RMS  value  of  the  1  sigma 
measurement  error  was  approximately  3.1  meters,  about 
0.75  meters  above  what  was  anticipated  based  upon  the 
initial  drop  test  analysis. 


Table  3.  Sonobuoy  Performance  :  Drop  Test  A 


Buoy 

GPS 

Data 

No.  of 
Epochs 

%>3 

SVs 

GPS 

SNR 

1  a(m) 
Error 

1 

Yes 

973 

95.6 

11.3 

3.6 

2 

Yes 

652 

93.6 

9.0 

4.8 

3 

Yes 

1047 

92.4 

10.7 

0.9 

4 

Yes 

1036 

92.7 

11.8 

1.3 

5 

Yes 

467 

54.6 

12.5 

34.4 

6 

Yes 

45 

N/A 

N/A 

N/A 

7 

Yes 

38 

N/A 

N/A 

N/A 

8 

No 

The  results  of  test  B  were  noticeably  better;  which  is 
particularly  promising  given  the  severe  sea  state  condition 
(sea  state  4).  Of  the  10  sonobuoys  deployed,  9  provided 
GPS  and  acoustic  data  suitable  for  processing;  indicating 
a  90%  sonobuoy  survivability  rate,  as  shown  in  Table  4. 
It  is  also  interesting  to  note  that  the  RMS  value  of  the  1 
sigma  measurement  error  improved  to  about  2.8  meters. 
Although  this  is  still  about  0.5  meters  above  the  initial 
estimates,  it  suggests  that  the  OEM  receiver  is  performing 
well  in  this  type  of  ocean  environment. 
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Table  4.  Sonobuoy  Performance  :  Drop  Test  B 


Buoy 

GPS 

Data 

No.  of 
Epochs 

%>3 

SVs 

GPS 

SNR 

1  a(m) 
Error 

1 

Yes 

1480 

86.4 

9.5 

4.5 

2 

Yes 

1316 

86.2 

14.1 

1.3 

3 

Yes 

1764 

77.9 

13.8 

0.6 

4 

Yes 

1331 

86.6 

N/A 

3.1 

5 

Yes 

1472 

72.2 

9.5 

4.6 

6 

Yes 

1426 

82.5 

13.3 

3.7 

7 

Yes 

1608 

86.1 

16.1 

1.6 

8 

Yes 

1451 

85.9 

12.5 

0.8 

9 

Yes 

1662 

85.7 

N/A 

0.8 

10 

Yes 

46 

N/A 

N/A 

N/A 

Geolocation  Subsystem 

The  portable  impact  location  system  postprocessing 
time  goal  is  48  hours  from  receipt  of  the  raw  data,  to 
generation  of  the  final  scoring  information.  During  test  A, 
previously  discussed  aircraft  communications  problems 
created  several  fragmented  GPS  and  acoustic 
measurement  files.  Although  half  of  the  data  were 
processed  in  2-3  hours,  a  great  deal  of  effort  in  manual 
processing  and  analysis  were  required  to  extract  any 
useful  information  from  the  remaining  sonobuoy  data. 
Test  A  was  therefore  not  considered  a  valid  estimate  of 
expected  geolocation  processing  time.  With  the  aircraft 
problem  resolved,  however,  measurement  data  from  the  9 
sonobuoys  deployed  in  test  B  were  processed  in 
approximately  6  hours;  well  within  the  48  hour 
postprocessing  goal. 

Future  System  Development  Efforts 

There  are  two  planned  enhancements  for  the 
prototype  portable  impact  location  system;  improvements 
to  the  sonobuoy  design,  and  implementation  of  cross¬ 
correlation  processing  techniques. 

Customized  MCM  GPS  Technology 

A  review  of  current  and  future  GPS  receiver 
technology  developments  suggest  that  a  Multi-Chip 
Module  (MCM)  GPS  receiver  design  may  be  well  suited 
for  this  application.  Such  a  receiver  could  be  customized 
to  improve  pseudorange  measurement  quality,  provide  a 
flexibility  in  customizing  measurement  data  output  and 
output  rates  to  minimize  communication  bandwidth 
requirements,  and  possibly  provide  phase  data  to  evaluate 
ambiguity  resolution  processing  between  sonobuoys.  In 
addition,  use  of  MCM  technology  allows  for  development 
of  a  single  electronics  board  assembly,  which  would 
reduce  the  cost  of  future  sonobuoy  fabrication. 


Cross-Correlation  of  Acoustic  Signals 

Presently  the  portable  impact  location  system  utilizes 
a  leading  edge  detection  technique  to  identify  the  arrival 
time  of  the  acoustic  signal.  If,  however,  a  complete 
spectrum  of  data  from  a  calibrated  hydrophone  were 
available,  a  cross-correlation  technique  could  be  used  to 
more  accurately  identify  and  tag  arrival  times  between 
sonobuoys,  as  well  as  eliminate  the  need  for  a  permutation 
program  to  identify  specific  impact  events.  In  addition, 
cross-correlation  techniques  may  provide  a  means  for 
automated  leading  edge  detection.  Currently  the  process 
of  identifying  the  impact  leading  edges  is  labor  intensive, 
accounting  for  about  50%  (3-4  hours)  of  the  total 
geolocation  postprocessing  time. 

Summary 

ARL:UT  has  developed  and  field  tested  a  prototype 
impact  location  system.  To  support  this  effort,  ARL:UT 
has  successfully  integrated  a  low-cost  OEM  GPS  receiver 
into  an  air  deployable  sonobuoy.  This  disposable  sensor 
provides  GPS  and  acoustic  information  in  realtime,  over 
the  existing  VHP  communication  link.  Although  limited 
in  performance,  techniques  applied  in  postprocessing  to 
edit  and  smooth  the  sonobuoy  GPS  data  were  successful, 
and  allow  the  portable  impact  location  system  to  provide 
scoring  of  ballistic  projectiles  with  meter  level  accuracy. 
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ABSTRACT 

Real  time  GPS  navigation  solutions  necessarily  use  the 
broadcast  ephemerides  for  satellite  positions  and  clock 
corrections.  For  civilian  applications  that  use  the  Standard 
Positioning  Service  (SPS),  Selective  Availability  (SA)  is  the 
primary  source  of  real  time  position  error,  but  for  military 
users  who  employ  the  Precise  Positioning  Service  (PPS),  the 
limited  accuracy  of  the  broadcast  ephemerides  is  the 
primary  source  of  error.  This  PPS  real  time  navigation  error 
due  to  the  satellite  ephemerides  can  be  reduced  if  the 
mission  allows  the  user  to  save  the  PPS  solutions  and 
reprocess  them  when  the  post-fit  ephemerides  becomes 
available.  Since  the  SA  corrected  pseudorange  observations 
that  created  the  PPS  solutions  are  not  available  to  the  typical 
navigation  user,  these  observations  cannot  be  used  to 
improve  the  position  solutions  at  a  later  date.  Therefore  the 
option  to  simply  reprocess  the  SA  corrected  observations 
with  the  precise  ephemerides  and  clocks  is  not  available. 
The  precise  absolute  navigation  algorithm  described  in  this 
paper  avoids  the  need  to  reprocess  the  SA  corrected 
observations,  but  it  does  require  access  to  the  SA  corrected 
broadcast  ephemerides  for  the  time  of  interest,  the  PPS 
navigation  solutions  that  are  to  be  corrected,  the  GPS  time 
of  each  solution,  and  a  list  of  the  satellites  that  were  used. 


The  Precise  Absolute  Navigation  (PAN)  algorithm  is 
described  and  its  effectiveness  tested  with  equivalent  PPS 
navigation  solutions.  The  precise  satellite  ephemerides 
chosen  for  the  navigation  improvements  are  the  DMA 
Precise  Ephemerides  and  clock  solutions.  The  true  absolute 
position  at  each  observation  is  obtained  from  On-The-Fly 
(OTF)  kinematic  relative  position  solutions  referenced  to  a 
known  absolute  point.  The  results  of  several  days  of  testing 
are  discussed. 

MOTIVATION 

The  purpose  of  the  PAN  development  was  to  investigate  the 
feasibility  of  improving,  by  post-processing,  the  accuracy  of 
a  set  of  typical  PPS  navigation  solutions.  Real  time 
navigation  solutions  necessarily  use  the  Broadcast 
Ephemerides  as  the  source  of  the  satellite  position  and 
satellite  clock  estimates,  but  in  certain  cases  the  mission 
could  benefit  from  more  accurate  navigation  solutions.  If  the 
mission  is  not  time  critical,  it  may  be  acceptable  to  delay  use 
of  the  navigation  solutions  until  the  post  fit  Precise 
Ephemerides  are  available.  In  this  case,  significantly  better 
results  may  be  expected. 

With  a  precise  ephemerides,  static  absolute  position 
solutions  can  achieve  sub-meter  repeatability  [1],  [2].  Meter 
level  navigation  solutions  have  been  demonstrated  by 
postprocessing  Lj  observations  with  post-fit  precise 
ephemerides,  clock  estimates,  and  an  ionospheric  model  [3]. 
Applications  where  precise  absolute  navigations  would  be 
of  interest  include  cases  where  differential  or  relative  data 
are  not  available,  or  where  the  track  of  a  moving  vehicle  or 
ship  is  desired  at  remote  locations  far  from  other  sites. 

In  the  operational  environment,  the  PPS  navigation  solutions 
will  be  obtained  from  a  user  in  the  field.  Presumably  these 
solutions  were  obtained  with  a  receiver  that  can  correct  for 
the  effects  of  Selective  Availability  (SA)  and  AntiSpoofmg 
(AS).  AS  encrypts  and  SA  corrupts  the  GPS  signals  making 
the  precise  signal  and  the  full  accuracy  of  the  broadcast 
ephemerides  accessible  to  authorized  users  only.  These 
receivers  can  display  the  navigation  solution  in  real  time, 
but  the  field-corrected  satellite  ephemerides  and  the  SA- 
corrected  pseudorange  and  phase  observations  are  classified 
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and  therefore  are  not  available  to  the  user.  The  PPS  position 
solutions  are  unclassified  and  can  be  recorded  in  the  field 
along  with  the  GPS  time  and  the  satellites  contributing  to 
the  solution.  Even  though  the  original  observations  are  lost, 
this  information  is  enough  to  allow  the  PPS  solutions  to  be 
improved  at  a  later  time  with  the  post-fit  precise 
ephemerides. 


METHOD 

It  is  assumed  that  the  GPS  time  and  the  PPS  solutions  to  be 
improved  are  given,  as  is  the  receiver  type  and  the  details  of 
the  navigation  algorithm  it  used.  The  algorithm  information 
is  used  to  establish  which  satellites,  of  those  in  view, 
produced  the  particular  navigation  solution.  To  compute  the 
difference  between  the  two  ephemerides,  an  independent 
source  of  the  SA  corrected  Broadcast  ephemerides  and  the 
DMA  Precise  ephemerides  and  clock  estimates  are  required. 
Finally,  for  testing  purposes,  two  frequency  SA  corrected 
pseudorange  and  phase  observations  from  a  typical  receiver 
will  be  needed  in  addition  to  the  information  above. 


The  form  of  the  observation  equations  that  produced  the 
navigation  solution  in  the  field  receiver  can  be  reconstructed 
as  in  Equation  (1).  The  original  observation  vector  was  Oq, 
the  computed  ranges  were  placed  in  the  Cq  vector,  and  the 
initial  guess  for  the  state  vector  was  Xq.  Note  that  none  of 
these  vectors  used  in  the  field  solution  was  saved. 


C.  + 


AX 


(1) 


The  solution  to  (1)  is  AXq,  from  which  the  new  state  vector 
Xfj  (the  saved  PPS  solution)  was  found:  Xf^^Xg+AXg.  It  is 
clear  that  if  the  precise  ephemerides  were  available  in  the 
field  along  with  the  broadcast  ephemerides,  the  same 
observation  vector  Og  would  have  been  used  with  either  set 
of  ephemerides.  Thus  the  common  observation  vector  allows 
the  right  hand  side  of  Equation  (1)  using  the  broadcast 
ephemerides  (subscript  b)  to  be  equated  to  the  equivalent  set 
of  equations  using  the  precise  ephemerides  (subscript  p). 
This  is  illustrated  in  Equation  (2). 


C.  + 


dX^ 


AX. 


C  + 


dc 
_ ^ 

dx 
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(2) 


The  PPS  navigation  solution  Xj  obtained  from  the  field  is 
used  in  the  computation  for  the  vector  C  on  both  sides  of 
(2).  Assuming  operation  in  the  linear  region,  the  solution 
vector  Xj  from  (1)  used  along  with  the  original  broadcast 
ephemerides  to  compute  C^,  should  require  no  further 
correction.  This  makes  AX^  ~  0.  Therefore  (2)  can  be 
rearranged  into  a  form  similar  to  that  in  Equation  (1).  This 
result.  Equation  (3),  can  be  solved  in  the  usual  least  squares 
sense  to  obtain  the  correction  AX^  that  should  be  applied  to 
the  given  Xj  to  form  the  precise  solution:  X^=Xj+AX^. 


dC 

_ P 

dX 


AX 

p 


(3) 


The  only  difference  between  the  computed  vectors  on  the 
left  of  Equation  (3)  is  due  to  the  satellite  position  difference 
and  the  satellite  antenna  offsets.  The  precise  ephemerides 
are  computed  for  the  satellite  center  of  mass,  not  the  antenna 
phase  center.  This  offset  must  be  subtracted  from  the  range 
in  order  to  match  the  observed  ranges.  The  other  modeled 
effects  normally  included  in  the  computed  vector  to  match 
the  observations,  such  as  tropospheric  refraction  and 
relativity  [4],  are  not  needed  since  they  would  be 
approximately  the  same  regardless  of  which  ephemeris  was 
used. 

STATIC  SH  E  RESULTS 

For  development  and  testing  purposes,  one  week  of  data  was 
collected  at  the  DMA  monitor  site  at  the  Aerospace  Center 
in  St.  Louis.  The  effects  of  SA  were  removed  from  the 
tracking  data  and  the  broadcast  ephemerides  in  the  DMA 
Data  Correction  Facility  (DCF).  DMA  is  an  authorized  PPS 
user  and  has  developed  this  DCF  to  facilitate  post¬ 
processing  of  GPS  data  collected  for  the  purpose  of  orbit 
determination  and  geodetic  survey  work.  Satellites  below 
15°  elevation  were  not  used  in  the  static  solutions;  the 
Geometric  Dilution  Of  Precision  (GDOP)  for  day  072  with 
this  mask  angle  is  plotted  in  Figure  1.  The  GDOP  for  the 
other  days  of  the  week  were  similar.  The  figure  shows  two 
periods  where  the  GDOP  is  larger  than  6  for  a  significant 
interval.  In  both  cases  only  four  satellites  were  above  the 
15°  elevation  mask.  During  the  largest  spike,  the  GDOP 
exceeded  600  briefly. 

The  difference  between  the  simulated  PPS  solutions  for  day 
072  and  the  given  site  coordinates  are  shown  in  Figure  2. 
The  weighted  mean  and  standard  deviation  in  the  east,  north 
and  vertical  components  for  all  S  solutions  during  the  day  is 


GDOP  FOR  85401 

GPS  WEEK  792,  ELEVATION  ANGLE  CUTOFF  15° 


Figure  1 .  The  GDOP  For  Day  072  With  A  1 5°  Elevation 
Mask  Angle 
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NAVIGATION  SOLUTIONS  FOR  85401 ,  DAY  072 
SIMULATED  PPS  FROM  THE  BROADCAST  EPHEMERIDES 


— —  East  niMn*-0.44  0*2.53 
North:  mMn*0.23  0*3.28 
Up:  moan-0.60  0*9.35 


80000  100000  110000  120000  130000  140000  150000  160000  170000 

GPS  TIME  OF  WEEK  (soc) 


Figure  2.  Simulated  PPS  With  Respect  to  the  Surveyed 
Position 
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Figure  3.  PAN  Solutions  With  Respect  to  the  Surveyed 
Position 


listed  along  with  the  results  from  the  other  days  in  Table  1. 


In  order  to  minimize  the  effects  of  the  periods  of  large 
GDOP  on  the  statistics,  the  means  and  standard  deviations 
were  weighted  by  the  function  shown  in  Equation  (4).  Each 
component  of  the  navigation  solution  was  multiplied  by  the 
wei^t  which  is  a  function  of  the  current  GDOP.  Solutions 
determined  during  large  GDOPs  were  given  lower  weight 
(made  smaller)  so  that  the  means  and  standard  deviations 
computed  over  all  solutions  were  not  overly  influenced  by 
the  solutions  obtained  when  GDOP  was  greater  than  6. 
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^  GDOP^  ^  ‘ 
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/ 


Figure  3  shows  the  PAN  solutions  for  day  072.  As  was 
expected,  the  standard  deviations  on  the  position  errors  are 
greatly  reduced  compared  to  the  PPS  which  uses  the 
broadcast  ephemerides.  There  are  several  error  spikes  that 
appear  in  both  figures.  At  97,950s  the  spike  is  due  to  the 
loss  of  a  satellite  for  one  30s  time  step  and  the  consequent 


increase  in  GDOP,  At  127,590s  a  new  satellite  is  acquired. 
At  131,340s  there  is  no  satellite  activity  and  the  cause  of 
that  spike  could  not  be  determined.  The  multiple  jumps 
between  144,100  and  144,500s  are  due  to  the  very  high 
GDOP  during  this  period. 

The  weighted  standard  deviations  obtained  by  the  PAN 
technique  for  the  entire  seven  days  are  presented  in  Table  2. 
The  PAN  consistency  from  day  to  day  is  quite  good,  though 
there  is  an  unexplained  bias  in  the  north  component  of  about 
1.7  to  1.9m.  As  a  check  on  the  accepted  position  for  this 
site,  days  072,  073  and  075  were  processed  with  the  DMA 
GPS  Absolute  Sequential  Positioning  software  (GASP)  [5]. 
The  average  differences  between  the  GASP  solutions  and 
the  given  position  were  -1.03m  east,  0.30m  north,  and 
-0.44m  in  height.  These  results  would  move  the  site  30cm 
north  and  103cm  west,  helping  to  reduce  the  apparent  PAN 
solution  error  in  both  components. 

RESULTS  FOR  A  DYNAMIC  SITE 

The  most  interesting  application  for  PAN  will  be  for 
improving  the  accuracy  of  the  track  traversed  by  moving 
vehicles.  Though  the  improved  accuracy  must  wait  for  the 
availability  of  the  Precise  Ephemerides,  for  many  missions 
this  wait  will  be  acceptable.  For  example,  a  military  vehicle 
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-0.55 

2.27 

-0.44 

2.53 

-0.90 

2.89 

1.07 

1.68 

-0.42 

2.21 

-1.87 

8.69 

1.01 

1.81 

N 

-0.28 

2.99 

0.23 

3.28 

0.52 

5.12 

0.80 

4.29 

0.56 

3.12 

1.45 

8.07 

-0.52 

2.75 

U 

1.09 

6.52 

-0.60 

9.35 

1.14 

8.86 

2.37 

5.65 

1.80 

7.88 

-3.38 

17.26 

0.62 

4.95 

S 

2393 

2833 

2833 

1652 

2833 

2826 

719 

Table  1.  Static  PPS  Weighted  Means  (p  meters)  and  Standard  Deviations  (o  meters)  For  Each  Day  in  the  East,  North,  and 
Vertical  Components.  Row  S  Lists  the  Number  of  30s  Observations  Processed  Each  Day. 
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E  -0.78  0.66  -0.93  0.72  -0.92  1.88  -0.90  0.62  -0.85  0.66 


N  1.82  1.27  1.77  1.27  1.87  1.36  1.79  1.23  1.88  1.30 


U  0.09  1.88  0.34  1.94  0.17  3.21  0.70  1.80  0.19  1.85 


Table  2.  Static  PAN  Weighted  Means  meters)  and  Standard  Deviations  (o  meters)  For  Each  Day  in  the  East,  North,  and 

Vertical  Components 


077 

0 

-1.12 

0.56 

1.82 

1.34 

0.42 

1.75 

traveling  on  a  roadway  and  reporting  its  PPS  position  every 
second  (or  some  other  appropriate  time  interval)  can  be 
positioned  more  accurately  with  this  post-processing 
technique.  The  field  PPS  results,  improved  by  precise 
absolute  navigation,  can  then  be  used  to  more  accurately 
establish  a  georegistered  Geographic  Information  System 
(GIS).  This  will  be  especially  valuable  in  areas  where  no 


Figure  4.  The  Circuit  Taken  by  Vehicle  95  Derived  From 
Is  On-The-Fly  Solutions 


geodetic  control  has  been  established  or  where  the  local 
maps  are  provided  on  a  non-geocentric  datum.  Another 
example  is  remote  absolute  positioning  of  fixed  objects  by 
ranging  sensors  [6].  In  this  case,  the  accuracy  with  which 
the  system  can  position  objects  absolutely  is  based  upon 
knowledge  of  the  sensor  location. 

To  illustrate  this  capability,  PAN  results  are  presented  for 
one  of  two  vehicles  traveling  around  a  fixed  circuit  at  the 
Naval  Surface  Warfare  Center,  Dahlgren  Virginia.  As  with 
the  static  site  data,  this  dynamic  data  set  was  processed  by 
the  DCF  to  remove  the  effects  of  SA.  Even  with  SA 
removed,  these  data  can  only  approximate  the  quality  of  true 
PPS  results.  The  receiver  was  not  keyed,  so  the  two 
frequency  pseudoranges  used  for  the  PPS  are  C/A  quality, 
not  P-code  quality. 

The  truth  was  obtained  from  OTF  relative  positioning 
between  the  vehicles  in  motion  and  a  well  known  fixed 
site  [7].  The  truth  tracks  for  the  vehicle  labeled  95  are 
shown  in  Figure  4.  The  truth  coordinates  of  this  vehicle  are 
shown  in  the  east  and  north  directions,  in  units  of  meters, 
with  respect  to  the  fixed  site.  A  small  segment  of  this  track 
(labeled  ’’detail"  in  Figure  4)  was  selected  for  expansion  to 
illustrate  the  differences  between  the  simulated  PPS,  the 
PAN  solutions,  and  truth. 


Figure  5.  Truth  Detail  for  Vehicle  95  in  the  East  and  North 
Components 
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Figure  6.  Truth  Detail  for  Vehicle  95  in  the  East  and 
Vertical  Components 


Figure  7.  Detail  of  PPS  Results  in  the  East  and  North 
Components 


Figure  8.  Detail  of  the  PPS  Results  in  the  East  and  Vertical 
Components 


PRECISE  ABSOLUTE  NAVIGATION 
TRACK  ID  95 


Figure  9.  Detail  of  the  PAN  Solutions  in  the  East  and 
North  Components 


Figure  10.  Detail  of  the  PAN  Solutions  in  the  East  and 
Vertical  Components 


The  expanded  truth  track  detail  is  shown  in  Figures  5  and  6. 
In  Figure  5,  the  bottom  set  of  tracks  show  the  vehicle 
traveling  east  along  a  two  lane  road  and  then  turning  off 
toward  the  south.  The  top  tracks  are  for  the  return  route 
when  the  vehicle  was  traveling  west.  There  are  five 
overlapping  tracks  in  each  direction  representing  five 
circuits  of  the  course.  The  dots  represent  the  Is  On-The-Fly 


Units  = 
meters 

PPS  -  Truth 

PAN  -  Truth 

P 

0 

P 

0 

East 

1,68 

1.20 

-0.84 

0.38 

North 

8.05 

2.50 

3.18 

1.12 

Vertical 

-5.61 

3.31 

-0.89 

1.92 

Table  3.  PPS  and  PAN  Means  (p)  and  Standard 
Deviations  (o)  from  Vehicle  95  Solutions 


solutions  at  each  observation  time.  The  truth  ellipsoid 
heights  with  respect  to  the  reference  site  are  shown  in 
Figure  6.  There  is  little  height  variation  along  this  section  of 
the  course. 

The  east-north  and  east-vertical  solutions  for  the  simulated 
PPS  results  are  shown  in  Figure  7  and  Figure  8  on  the  same 
scale  as  the  truth.  The  corresponding  sample  of  the  PAN 
solutions  are  shown  in  Figures  9  and  10.  There  is  a 
noticeable  improvement  in  the  PAN  solutions  compared  to 
the  PPS  results.  The  improvements  are  quantified  in 
Figures  1 1  and  12.  These  two  figures  show  the  differences 
between  the  solutions  and  the  truth  over  the  entire  course  as 
a  function  of  time.  Of  particular  interest  is  the  reduction  in 
the  magnitude  of  jumps  that  occur  in  the  PPS  solutions 
when  the  number  of  satellites  being  tracked  changes.  Two 
examples  of  this  are  in  Figure  1 1  at  412,296  and  413,195s. 
The  statistics  are  summarized  in  Table  3.  The  use  of  the 
precise  ephemerides  in  the  PAN  solutions  reduces  the  mean 
offsets  in  each  component  seen  in  the  simulated  PPS  results 
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Figure  1 1 .  PPS  Results  Differenced  With  the  Truth  for  the 
Entire  Vehicle  Circuit 
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Figure  12.  PAN  Results  Differenced  With  the  Truth  for  the 
Entire  Vehicle  Circuit 


and  also  reduces  the  standard  deviations  by  about  a  factor  of 
two.  However,  the  unexplained  PAN  north  component  bias, 
seen  in  the  static  site  results,  remains. 

CONCLUSIONS 

This  paper  demonstrates  that  PPS  navigation  solutions  from 
field  sites  can  be  upgraded  to  Precise  Ephemeris  quality 
without  reprocessing  the  original  observations.  If  files  of  the 
unclassified  navigation  solutions,  the  time,  and  the  satellites 
being  tracked,  are  kept  and  a  source  of  the  SA  corrected 
broadcast  ephemerides  and  precise  ephemerides  are 
available,  then  the  PPS  solutions  can  be  improved  at  a  later 
date.  This  capability  can  make  important  contributions  to 
military  mapping  operations  where  vehicles  equipped  with 
PPS  receivers  can  gain  access  to  areas  which  lack  geodetic 
control  points. 
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SUMMARY 

Recent  improvements  have  miniaturized  the  Global  Posi¬ 
tioning  System  (GPS)  translator  for  artillery  to  fit  into  a 
9-in.^  NATO  standard  fuze  package,  including  electronics, 
power  supply,  and  antenna.  The  device  has  been  success¬ 
fully  tested. 

ABSTRACT 

The  Army  has  been  developing  a  GPS  translator  to  allow 
tracking  of  artillery  projectiles  as  part  of  the  ongoing  effort 
to  improve  artillery  elfectiveness.  Since  the  original  proof- 
of-concept  test  (October  1991),  the  design  has  been  minia¬ 
turized  to  fit  in  the  9-in.^  volume  of  a  standard  artillery  fuze, 
which  can  screw  onto  any  of  the  several  million  projectiles 
already  in  the  stockpile.  The  9-in.^  package  includes  trans¬ 
lator  electronics,  a  thermal  reserve  battery,  and  transmit  and 
receive  antennas.  The  first  prototype  was  successfully  tested 
in  December  1994,  when  an  artillery  round  with  translator 
was  tracked  12  km  to  impact. 

This  paper  details  the  significant  electronic  design  improve¬ 
ments  that  miniaturized  the  translator.  An  overview  of  the 
antenna  and  power  supply  system  is  given,  as  well  as  a  de¬ 
tailed  description  of  the  monolithic  microwave  integrated 
circuit  (MMIC)  translator  chip  set. 

INTRODUCTION 

The  Army  has  been  conducting  research  into  using  the  Glo¬ 
bal  Positioning  System  (GPS)  to  improve  artillery  accuracy 
and  effectiveness.  A  proof-of-concept  demonstration  had 


been  conducted,  in  which  two  LI  C/A  code  translators  were 
built  and  fired  [1,2].  The  prototype  translators  were  con¬ 
structed  from  commercial  off-the-shelf  electronic  compo¬ 
nents,  and  configured  to  fit  inside  the  available  volume  of 
an  artillery  projectile  (123  in.^). 

Based  on  the  success  of  that  initial  effort,  a  follow-on  effort 
was  begun  to  design  a  translator  to  fit  in  the  available  9-in.^ 
volume  of  the  fuze.  To  accomplish  this,  three  major  efforts 
took  place.  The  dual-frequency  antenna  was  redesigned  to 
provide  more  internal  volume  at  the  nose;  a  thermal  reserve 
battery  was  designed  and  built  to  supply  primary  power  for 
the  electronics,  and  a  custom  gallium  arsenide  (GaAs)  mono¬ 
lithic  microwave  integrated  circuit  (MMIC)  chip  set  was 
created  to  replace  the  off-the-shelf  components.  The  MMIC 
approach  enhances  ruggedness  and  reliability  and  lowers 
power  consumption.  By  integrating  packaged  MMICs  to¬ 
gether  with  procured  components,  a  form-fit  translator  mod¬ 
ule  is  realized,  which  provides  over  125  dB  of  gain  with 
3  dB  noise  figure,  survives  firing  shock  of  over  8000  G, 
and  operates  from  0°  to  70°C. 

SYSTEM  ARCHITECTURE 

The  basic  function  of  the  translator  is  to  convert  the  incom¬ 
ing  C/A-coded  LI  GPS  signals  from  the  NAVSTAR  con¬ 
stellation  to  a  higher  frequency  within  the  2200-  to 
2290-MHz  telemetry  band  and  to  provide  the  amplification 
required  to  overcome  path  loss. 

The  dual-conversion  translator  architecture,  shown  in  Fig¬ 
ure  1,  was  selected  because  of  the  extremely  high  gain  of 
the  module  and  low  isolation  between  transmit  and  receive 
antennas.  Active  circuit  functions  are  performed  within  the 
seven  GaAs  MMICs  shown.  Passive  L-C  and  surface  acous¬ 
tic  wave  (SAW)  filters  maintain  stability  and  noise  figure 
while  limiting  output  power  requirements.  The  signal  path 
consists  of  low  noise  amplification  to  establish  system  noise 
figure,  downconversion  to  an  intermediate  frequency  (IF) 
within  the  VHF  band,  which  allows  for  substantial  amplifi¬ 
cation,  and  the  integration  of  a  high-selectivity  SAW  filter 
to  limit  noise  bandwidth,  upconversion  to  the  telemetry  band, 
and  amplification  to  the  required  output  power  level.  The 
local  oscillators  are  provided  by  two  phase-locked  loops 
using  a  common  reference  oscillator  to  maintain  close-in 
phase  coherence.  A  harmonic  of  the  crystal  reference  oscil¬ 
lator  is  coupled  into  the  IF  strip  to  form  a  pilot  signal  that 
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allows  the  translated  GPS  signals  to  be  acquired  by  the 
ground  receiver  following  Doppler-,  temperature-,  and 
shock-induced  shifts  in  the  output  frequency. 

The  125-dB  overall  translator  gain  includes  all  the  losses 
associated  with  the  passive  components  in  the  signal  path, 
making  the  total  active  gain  budget  for  the  MMICs  higher. 
The  large  number  of  gain  stages  results  in  significant  gain 
variation  over  temperature,  which  is  temperature  compen¬ 
sated  through  an  automatic  gain  control  (AGC)  leveling  loop, 
consisting  of  a  detector  in  the  output  stage  of  the  power 
amplifier,  a  lov/-pass  filter,  and  a  variable  gain  IF  amplifier 
in  the  down-converter. 

PROOF-OF-PRINCIPLE  TEST 

The  miniature  translator  was  created  specifically  for  a  proof- 
of-principle  (POP)  test  of  the  artillery  registration  system. 
Certain  operational  requirements  were  relaxed  in  order  to 
facilitate  testing  in  a  cost-  and  schedule-constrained  envi¬ 
ronment.  For  example,  a  C/A  code  implementation  was  al¬ 
lowed  even  though  the  military  requires  use  of  the  Y  code 
in  battlefield  systems.  Also,  the  maximum  acceleration  level 
for  the  POP  hardware  was  8000  G,  or  half  of  the  maximum 
of  16  kG  experienced  in  the  longest  firings.  It  is  expected 
that  a  capability  for  multiple  rounds  in  the  air  at  one  time 
will  be  a  requirement  for  a  fielded  system,  which  is  not 
implemented  in  this  system. 

The  design  effort  focused  on  the  critical  areas  of  antenna, 
power  supply,  and  electronics  to  accomplish  the  necessary 
size  reduction. 


SYNTHESIZER 

The  overall  topology  of  the  phase-locked  oscillator  (PLO) 
is  illustrated  in  Figure  2,  where  dotted  lines  indicate  die 
boundaries.  The  voltage-controlled  oscillator  (VCO)  out¬ 
put  is  buffered  and  passes  to  a  balanced  output  driver,  which 
feeds  the  active  mixers  in  the  translator.  The  output  alsb 
passes  through  a  digital  divider  chain  to  an  edge-triggered 
phase/frequency  comparator  along  with  the  buffered  refer¬ 
ence  oscillator  signal.  A  phase/frequency  comparator  was 
selected  to  suppress  reference  signal  feedthrough  while  pro¬ 
viding  reliable  locking  characteristics  over  the  large  range 
of  temperature  and  power  supply  voltage  required.  A  charge 
pump,  filtered  by  a  resistor/capacitor  network,  converts  the 
differential  current  pulses  from  the  comparator  to  a  voltage 
level  to  lock  the  VCO.  External  components  are  limited  to  a 
crystal  that  stabilizes  the  reference  oscillator,  an  inductor 
that  selects  the  third  crystal  overtone,  a  resistor/capacitor 
network  that  establishes  the  loop  bandwidth,  and  several 
chip  capacitors  that  bypass  the  power  supply  voltage. 

To  reduce  chip  size  for  the  L-  and  S-band  LOs,  active  func¬ 
tions  are  incorporated  on  three  MMICs,  while  the  VCO  tank 
circuit  inductor  pairs  are  contained  on  two  additional  MMICs 
[3],  The  reference  oscillator,  two  phase/frequency  compara¬ 
tors,  two  charge  pumps,  and  two  digital  dividers  are  com¬ 
bined  on  a  single  2.4  mm  x  1 .65  mm  die,  allowing  two  local 
oscillators  to  be  phase  locked  to  the  same  reference.  The 
GaAs  crystal  oscillator  exhibits  degraded  phase  noise  com¬ 
pared  with  a  silicon  implementation.  However,  down  to  less 
than  1  kHz  offset  from  the  carrier,  the  phase  noise  perform¬ 
ance  of  the  PLOs  is  dominated  by  other  sources.  The  VCO 
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Figure  2.  Phase-locked  oscillator  topology. 


and  associated  high-speed  digital  divider  are  integrated  on 
a  separate  1.95  mm  x  1.2  mm  die.  Integration  of  two  differ¬ 
ent  tank  inductor  pairs,  on  separate  die,  allowed  use  of  the 
same  VCO/divider  MMIC  chips  in  both  L  and  S  frequency 
bands,  with  more  repeatable  performance  than  if  discrete 
single  inductors  were  employed. 

Phase  lock  is  maintained  over  a  temperature  range  from 
-40°  to  +80°C.  Frequency  stability  closely  follows  the  in¬ 
verse  parabolic  behavior  of  the  SC  cut  crystal  with  -75  and 
-17  ppm  deviations  at  the  temperature  extremes.  Phase  lock 
is  also  maintained  at  room  temperature  over  supply  volt¬ 
ages  ranging  from  3.7  to  5.9  V. 

SIGNAL  PATH  MMICs 

Table  1  summarizes  the  performance  of  the  packaged 
downconverter,  upconverter,  and  power  amplifier.  A  com¬ 
mercial  MMIC  low-noise  amplifier  (LNA)  (MAAM  12000) 
provides  1.6  dB  noise  figure  with  25  dB  of  associated  gain. 

The  downconverter,  which  provides  conversion  gain  over 
an  extremely  wide  37-  to  77-dB  range,  consists  of  a  two- 
stage  RF  common-source  amplifier  with  negative  feedback, 
a  double-balanced  Gilbert  cell  mixer,  and  a  five-stage  vari¬ 
able  gain  IF  amplifier.  The  IF  amplifier  consists  of  a  differ¬ 
ential  input  stage,  three  gain  control  stages,  and  an  output 
buffer  stage.  Chip  dimensions  are  1.9  mm  x  0.8  mm.  The 
upconverter  includes  a  four-stage  IF  amplifier,  a  double- 
balanced  Gilbert  cell  mixer,  and  a  four-stage  RF  amplifier. 
Chip  dimensions  are  1.9  mm  x  1.0  mm.  The  power  ampli¬ 
fier  consists  of  a  three-stage  preamplifier  followed  by  driver 
and  output  amplifier  stages.  The  preamplifier  stages  are 
based  on  common-source/source-follower  pairs  with  nega¬ 
tive  feedback.  The  output  stage  is  a  stacked  field-effect  tran¬ 
sistor  (FET)  design  [4],  which  distributes  the  output  tank 
RF  voltage  swing  evenly  across  two  FETs  connected  in 
series.  The  power-leveling  AGC  control  voltage  is  gener¬ 
ated  by  a  diode  detector  coupled  to  the  output  stage.  Chip 
dimensions  are  2.3  mm  x  1.9  mm. 

MMIC  FABRICATION  AND  PACKAGING 

The  custom  downconverter,  upconverter,  power  amplifier 
VCO,  and  phase-frequency  comparator  MMICs  are  shown 
in  Figure  3.  They  were  fabricated  using  a  standard  l-|im 
gate-length,  enhancement/depletion  GaAs  MESFET  foundry 
process. 


Table  1.  MMIC  performance  summary  (at  25°C). 


Downconverter 

Conversion  gain  control  range 

37  to  77  dB 

-1  dB  0/P  power  gain  compression 

4-9  dBm* 

Noise  figure 

13.5  dB* 

Supply  bias 

SOmAatSV* 

Input/output  voltage  standing  wave 
ratio  (VSWR) 

<1,6:1* 

Upconverter 

Conversion  gain 

36  dB 

-1  dB  0/P  power  gain  compression 

+1  dBm 

Noise  figure 

8.8  dB 

Supply  bias 

69  mA  at  5  V 

Input/output  VSWR 

<1.4:1 

Power  amplifier 

Small-signal  gain 

40  dB 

-1  dB  0/P  power  gain  compression 

21.5  dBm 

-3  dB  bandwidth 

32% 

Noise  figure 

5.4  dB 

Supply  bias 

400mAat8  V 

Input/output  VSWR 

1.9:1/2.8:1 

*At  70  dB  conversion  gain 

The  power  amplifier  is  soldered  into  a  7.6  mm  x  9.1  mm  x 
1.4  mm  six-lead  ceramic  package  with  a  high  thermal  con¬ 
ductivity  copper-tungsten  base.  The  other  MMICs  are  ep- 
oxied  into  6.9  mm  x  6.9  mm  x  1.8  mm  ten-lead  glass 
flatpacks  with  a  kovar  base  to  provide  RF  grounding.  Addi¬ 
tional  chip  capacitors,  resistors,  and  inductors  are  included 
within  these  packages  for  bias  decoupling/filtering  and  gold 
bond-wires  form  interconnections. 

TRANSLATOR  ELECTRONICS  MODULE 
ASSEMBLY  AND  EVALUATION 

The  packaged  MMICs,  crystal,  L-C  filters,  SAW  filter, 
capacitors,  resistors,  and  inductors  are  surface-mounted  on 
10-mil  duroid  circuit  boards,  which  are  attached  to  copper- 
tungsten  metal  matrix  disks.  Circuitry  on  each  disk  is  indi¬ 
vidually  tested  and  de-bugged  prior  to  module  assembly. 

The  translator  RF  circuitry  is  contained  on  three  disks,  as 
shown  in  Figure  4.  Miniature  coaxial  cables  are  used  to  carry 
RF  arid  tuning  signals  between  the  lower  and  middle/upper 
boards.  Coaxial  feedthroughs  interconnect  the  middle  and 
upper  boards,  which  are  assembled  back-to-back.  The  7 .4-oz, 
1 .6-in.-diameter  by  1 . 1  -in.-high  translator  fits  within  a  stand¬ 
ard  artillery  fuze,  and  withstands  a  firing  acceleration  of 
8000  G,  in-flight  environments,  and  a  0°  to  70°C  tempera¬ 
ture  range. 

ANTENNA 

For  the  original  test  firings  of  1991  and  1992,  the  GPS  an¬ 
tenna  was  a  monopole  under  a  radome  at  the  end  of  the 
projectile.  A  new  design  was  performed  by  Ball  Communi¬ 
cations  to  implement  the  previously  investigated  [2]  dual¬ 
wrap  design,  which  freed  considerable  internal  volume  (Fig¬ 
ure  5).  The  pattern  remained  the  same,  with  a  null  off  of  the 
forward  axis,  and  all  of  the  usable  gain  directed  to  the  sides 
arid  rear. 
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Figure  4.  Photograph  of  a  translator  electronics 
module. 


Figure  5.  Complete  translator,  including 
electronics  module,  antennas,  power 
conditioner.  — 


sir 


BATTERY 

The  long  shelf  life  and  artillery  handling  procedures  dictate 
the  need  for  a  reserve  power  supply.  A  reserve  supply  is 
one  that  can  sit  inert  for  years,  then  upon  application  of  the 
start-up  mechanism,  come  to  life  quickly  and  supply  a  high- 
energy  density  for  a  short  time.  A  thermal  battery  was 
developed  by  the  U.S.  Army  Research  Laboratory  (ARL) 
especially  for  this  application.  In  the  thermal  battery,  the 
shock  of  launch  ignites  a  pyrotechnic  train  that  melts  a  solid 
electrolyte.  Although  thermal  batteries  have  been  designed 
and  built  before,  each  new  configuration  requires  careful 
balancing  of  pyrotechnic,  insulation,  and  anode  and  cath¬ 
ode  materials  (see  Fig.  6),  to  ensure  that  the  internal  operat¬ 
ing  temperature  of  400"^  to  600®C  is  maintained.  Also,  the 
high  spin  (275  rps  maximum)  was  a  new  requirement.  The 
operating  characteristics  achieved  for  the  POP  test  are  1 1  to 
16  Vdc,  1.2  A,  62-s  lifetime  [5].  The  igniter  was  mounted 
on  top  of  the  battery  in  a  stacked  cylinder  configuration, 
instead  of  internal  to  the  cell  stack,  to  take  advantage  of  the 
internal  volume  at  the  apex  of  the  conical  antenna  housing 
(Figure  5). 

POWER  CONDITIONER 

The  power  requirements  of  the  translator  electronics  mod¬ 
ule  are  380  mA  at  5  V  and  460  mA  at  8  V,  for  a  total  con¬ 
sumption  of  5.6  W  at  room  temperature.  A  simple  circuit 
consisting  of  two  3-terminal  regulators  provides  the  regu¬ 
lated  8-  and  5-V  sources  for  the  electronics  module.  The 
regulators  themselves  consume  3.3  W  at  the  minimum  bat¬ 
tery  voltage  of  1 1  V. 


Figure  6.  Battery — exploded  view. 


DISCUSSION  AND  CONCLUSION 

Five  different  MMIC  circuits  were  designed,  fabricated,  and 
evaluated.  These  were  used  in  the  fabrication  of  a  miniature 
translator  module,  together  with  a  MMIC  LNA,  custom  fil¬ 
ters,  crystal,  circuit  boards,  and  other  nondevelopmental  item 
(NDI)  hardware  and  components.  The  9-in.^  prototype  trans¬ 
lator  is  the  first  reported  to  fit  within  the  envelope  of  a  stand¬ 
ard  artillery  fuze,  survive  firing  shock,  and  meet  all  required 
electrical  specifications  over  a  0"^  to  70°C  operating  tem¬ 
perature  range. 

POP  translators  mounted  on  155-mm  artillery  projectiles 
were  test  fired  by  ARL  personnel.  Data  from  all  NAVSTAR 
satellites  above  the  horizon  were  successfully  translated 
during  the  two  45-s  flights. 

Efforts  are  ongoing  to  further  reduce  the  size  of  the  elec¬ 
tronics  module,  and  to  provide  P(Y),  multiround,  and  ex¬ 
tended  range  capability.  The  artillery  translator  has  been 
adopted  as  the  first  of  three  artillery  improvement  devices 
being  developed  under  the  auspices  of  the  U.S.  Army  Arma¬ 
ment  Research,  Development,  and  Engineering  Center/ 
Army  Research  Laboratory  Low-Cost  Competent  Munitions 
(LCCM)  program. 
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ABSTRACT 

The  objective  of  this  study  was  to  demonstrate  that 
magnetic  noises  which  are  position  related  can  be 
removed  from  an  airborne  total  field  magnetometer 
system.  The  system  contains  a  helium-4  magnetometer 
sensor  with  a  sensitivity  of  0.003  nanoteslas  (nT)  in  the 
magnetic  anomaly  detection  (MAD)  band  of  0.05  to  0.5 
Hz.  This  sensor  is  housed  in  the  tip  of  the  tailboom  of  a 
U.  S.  Navy  P-3  Orion  aircraft;  this  20  foot  separation  of 
the  sensor  from  the  main  fuselage  helps  to  remove  some 
of  the  platform  noise  which  arises  from  the  permanent, 
induced  and  eddy  current  moments  of  the  platform.  The 
GPS  receiving  antenna  is  also  located  on  this  tailboom. 
The  antenna  is  connected  to  a  single  frequency  all-in¬ 
view  narrow  correlator  spacing  C/A  code  LI  receiver. 
The  data  for  this  study  was  acquired  at  altitudes  from 
500  feet  to  20,000  feet  off  the  coast  of  North  Carolina  in 
the  Oak  Bravo  test  area  near  the  latitude  and  longitude  of 
35°N  and  71°W.  The  magnetic  noises  which  are 
position  (or  track)  related  come  from  the  magnetic 
geology,  the  magnetic  field  of  the  earth,  and  the 
gradients  in  these  fields.  The  platform  magnetic  noise  is 
reduced  by  using  the  total  magnetic  field  value  and  the 
direction  cosines  in  a  platform  noise  model.  These 
parameters  may  be  determined  by  the  GPS  and  the 
inertial  navigation  system  (INS).  The  magnetic  gradient 
noise  arises  in  several  ways.  The  horizontal  gradient  is 
approximately  0.003  nT/m  and  the  vertical  gradient  is 
approximately  0.030  nT/m.  These  values  are  higher  in 
high  magnetic  geology.  The  horizontal  gradient  noise 
arises  from  aircraft  track  changes  from  a  straight  line  and 
from  horizontal  buffeting.  The  vertical  gradient  noise 
comes  from  vertical  buffeting  in  the  vertical  gradient 
field.  Small  buffets  (-0.1m)  give  rise  to  magnetic  noise 


comparable  to  the  sensor  sensitivity.  The  magnetic 
geology  noise  was  reduced  by  utilizing  a  GEODAS  map 
of  the  geologic  field  and  the  GPS  to  provide  position  on 
the  map.  The  frequency  of  the  geology  noise  was  in 
general  below  the  MAD  band;  however,  the  principle  of 
MAD  band  geologic  noise  reduction  by  utilizing  a  map 
and  the  GPS  was  demonstrated. 

INTRODUCTION 

One  of  the  non-acoustic  approaches  used  by  the  U.  S. 
Navy  for  detecting  and  localizing  submarines  is  to  sense 
the  disturbance  of  the  magnetic  field  of  the  earth  due  to 
the  presence  of  a  submarine.  This  approach  is  called 
magnetic  anomaly  detection.  It  requires  that  a  very 
sensitive  magnetometer  be  operated  within  the  airborne 
platform,  which  in  this  case  is  a  P-3.  The  sensitivity  of 
the  magnetometer  is  0.003  nanoteslas  in  the  MAD 
detection  band  of  0.05  to  0.5  Hz.  To  put  this  number 
into  perspective,  the  earth’s  magnetic  field  is  about 
50,000  nanoteslas.  The  total  field  magnetometer  is 
housed  within  a  fiberglass  boom  which  extends  from  the 
rear  of  the  aircraft  by  about  twenty  feet.  Locating  the 
magnetometer  away  from  the  main  fuselage  of  the 
aircraft  helps  to  remove  some  of  the  platform  magnetic 
noise.  However,  it  needs  to  be  kept  in  mind  that  the 
magnetometer  is  maneuvering  through  an  ambient  field 
which  is  more  than  ten  million  times  larger  than  the 
magnetometer  sensitivity.  Small  variations  in  this  field 
create  noise  in  the  MAD  detection  band  when  the 
magnetometer  is  translated.  The  sources  of  this  noise  are 
the  platform,  the  geology  field,  the  geomagnetic 
background,  ocean  waves,  and  the  magnetic  gradient 
fields  of  the  earth.  The  noises  which  depend  on  the 
spatially  varying  fields  are  the  geology  noise  and  the 
gradient  noise.  Both  of  these  can  be  mitigated  by 
knowing  position  vs.  time  accurately.  The  platform 
noise  terms  arise  from  the  induced  and  permanent 
magnetization  of  the  platform  as  well  as  from  the  eddy 
currents.  These  noises  depend  on  changes  in  the 
orientation  of  the  platform  in  the  field  of  the  earth.  In 
this  paper,  the  reduction  of  the  spatially  related  magnetic 
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noises  by  using  a  C/A  code  GPS  receiver  will  be 
described. 

FLIGHT  TESTS  AND  DATA  ACQUISITION 

A  series  of  flights  was  conducted  with  a  highly 
instrumented  P-3  in  the  Oak  Bravo  test  area  which  is 
approximately  150  miles  off  the  northern  coast  of  North 
Carolina.  In  addition  to  the  total  field  magnetometer 
there  were  current  sensors,  fluxgate  magnetometers, 
accelerometers,  and  two  GPS  antennas.  One  of  the 
antennas  was  on  the  tail  boom  near  the  magnetometer 
and  the  other  was  in  the  middle  of  the  fuselage.  The 
antennas  were  connected  to  10-channel  single-frequency 
C/A  code  narrow  correlator  spacing  receivers.  The 
ground  speed  of  the  P-3  during  the  tests  averaged  about 
300  knots.  Data  was  collected  under  all  flight 
conditions,  that  is,  during  rolls,  pitches,  yaws,  standard 
rate  and  double  standard  rate  turns,  and  at  altitudes  from 
500  feet  to  20,000  feet.  Thirty-four  channels  of 
information  were  collected  in  addition  to  the  GPS  data. 
The  data  were  time  synchronized  to  GPS  time.  For  some 
of  the  flights  there  were  two  platforms  in  the  air,  each 
with  two  GPS  antennas  flying  at  predetermined 
separations.  These  formation  flights  enabled  the 
reduction  of  geomagnetic  noise  which  is  coherent 
between  the  two  platforms.  The  simultaneous  use  of  the 
four  single  frequency  narrow  correlator  spacing  receivers 
yields  a  relative  accuracy  better  than  1  meter  SEP  for 
aircraft-to-aircraft  positioning  using  a  robust  carrier 
smoothing  of  the  code  approach  (Lachapelle  et  al  1994). 
Additionally,  it  was  shown  that  the  separation  between 
the  two  antennas  on  the  one  platform  could  be 
determined  at  the  few  millimeter  level  which  is  useful 
for  assessing  the  flexing  of  the  platform  in  flight.  The 
problems  in  the  GPS  data  were  associated  with 
multipath,  satellite  drop-outs  during  maneuvers, 
constellation  changes  which  yield  sudden  apparent 
position  changes,  and  transmitted  code  errors  which 
were  common  to  all  receivers. 

ANALYSIS  AND  RESULTS 

One  of  the  most  significant  sources  of  magnetic  noise  is 
related  to  the  platform  itself  The  130,000  pound 
platform  is  largely  metal,  with  some  components  having 
high  permeability  and  high  remnant  magnetization. 
Therefore,  as  this  platform  changes  its  orientation  in  the 
magnetic  field  of  the  earth,  eddy  currents  are  induced  in 
the  skin,  the  induced  magnetization  changes,  and  the 
component  of  the  permanent  magnetization  along  the 
field  of  the  earth  changes.  The  approach  for  reducing 
the  platform  noise  is  to  use  a  platform  noise  model 


which  takes  into  account  the  magnitude  and  direction  of 
the  earth’s  magnetic  field  at  the  platform  location,  the 
orientation  of  the  platform  and  the  change  in  orientation, 
that  is,  roll,  pitch,  and  yaw.  In  this  study,  two  methods 
were  used  to  acquire  the  above  parameters.  The  first 
method  was  to  use  the  onboard  three-axis  vector 
magnetometers  (sensitivity  of  about  1  nT)  to  measure  the 
magnetic  field  components  of  the  earth  along  the 
longitudinal  (L),  transverse  (T),  and  vertical  (V)  axes  of 
the  platform.  By  using  these  magnetic  field  values  and 
the  derived  direction  cosines,  the  platform  noise 
correction  terms  are  calculated.  The  second  approach  is 
to  use  the  GPS  position  and  the  International 
Geophysical  Reference  Field  (IGRF)  Model,  which  gives 
the  core  magnetic  field  of  the  earth  as  a  function  of 
location,  to  get  the  earth’s  magnetic  field  value  at  the 
platform  location.  This  information  when  combined 
with  the  INS  data  on  roll,  pitch,  yaw,  and  heading  may 
also  be  used  to  calculate  the  platform  noise  correction 
terms.  A  comparison  between  these  two  approaches  for 
generating  the  fields  along  the  three  principal  axes  of  the 
aircraft  during  maneuvers  is  shown  in  Figure  1. 


Figure  1:  The  Comparison  between  the  Modeled 
Vector  Fields  and  the  Measured  Fields  is  Shown.  The 
Upper  Trace  is  the  Vertical  (V)  Component,  the 
Middle  Trace  on  the  Right  Hand  Side  of  the  Figure  is 
the  Transverse  (T)  Component,  and  the  Bottom  Trace 
is  the  Longitudinal  (L)  Component. 

In  this  figure,  the  component  values  (L,  T,  and  V)  for  the 
four  cardinal  headings  are  shown  for  dedicated 
maneuvers  (pure  rolls,  pitches,  and  yaws).  These  six 
traces  show  the  excellent  agreement  between  the  two 
different  approaches.  When  these  magnetic  field  values 
along  with  the  direction  cosines  are  used  to  calculate  the 
platform  noise  correction  terms,  the  result  shown  in 
Figure  2  is  obtained.  This  is  a  power  spectral  density 
(PSD)  curve  in  gamma^/Hz  vs.  frequency  (where  1 
gamma  =  1  nT).  The  upper  trace  is  the  uncompensated 


444 


Figure  2:  The  PSD  of  the  Uncompensated  Total  Field 
(TFU,  upper  trace)  is  Compared  with  the  PSD  of  the 
Platform  Noise  Correction  Field  (XX). 

total  field  (TFU)  directly  from  the  magnetometer  and  the 
lower  trace  is  the  platform  noise  correction  term  (XX) 
calculated  from  above.  As  can  be  observed,  the  match 
between  these  two  curves  is  very  good  from  0.1  Hz  to 
higher  frequencies  which  is  where  most  of  the  platform 
noise  occurs.  The  result  of  subtracting  the  correction 
terms  from  the  uncompensated  field  is  shown  in  Figure 
3.  These  two  curves  show  that  as  much  as  20  dB  of 
noise  reduction  is  obtained  by  removing  the  platform 
noise.  The  sensor  level  is  at  1x10’^  gamma^/Hz. 
Therefore,  substantial  (30  to  40  dB)  noise  remains.  The 
result  of  reducing  the  gradient  noise  and  the  geology 
noise  will  be  shown  next. 


Figure  3:  The  PSD  of  the  Uncompensated  Total  Field 
(TFU,  upper  trace)  and  the  PSD  of  the  Compensated 
Total  Field  (TFU-XX)  are  Compared. 


From  the  IGRF  Model,  the  earth’s  core  magnetic  field 
and  the  gradients  of  this  field  are  known  for  each 
location.  The  IGRF  Model  does  not  include  the  geology 
field.  The  platform  does  not  fly  along  a  perfect  line, 
there  are  heading  changes,  buffeting,  and  maneuvering. 
And,  because  these  occur  in  a  gradient  field,  the  total 
field  will  vary  with  time  due  to  these  motions.  For 
example,  the  vertical  gradient  is  approximately  0.03 
nT/m.  This  means  that  a  1  m  buffet  produces  a  0.03  nT 
signal;  this  is  equal  to  ten  times  the  magnetometer  noise 
level.  Thus,  small  variations  from  straight  line  flight  can 
produce  measurable  magnetic  noise.  The  GPS  is  used  to 
yield  the  absolute  and  the  relative  position  versus  time. 
The  variations  about  the  track  are  determined  to  about  10 
cm  (Roberts  1994).  This  position  information  combined 
with  the  gradient  field  (which  also  depends  on  position) 
produces  the  magnetic  gradient  noise.  This  noise  is  the 
lower  trace  (TFM)  in  the  PSD  shown  in  Figure  4.  It  can 
be  seen  that  this  model  field  matches  the  corrected 
(compensated)  total  field  quite  well  at  low  frequencies 
and  around  0.1  Hz.  In  Figure  5  is  shown  the  result  of 
subtracting  the  model  field  (TFM)  from  the  compensated 
total  field  (TFU-XX).  This  result  is  compared  with  the 
original  starting  noise  value  (TFU).  The  approach  of 
using  the  GPS  combined  with  the  models  of  the 
magnetic  fields,  the  platform,  and  the  motion  in  the 
gradient  fields  produces  about  35  dB  of  noise  reduction. 
From  the  two  platform  tests  it  can  be  shown  that  some  of 
the  residue  near  0.03  Hz  is  geomagnetic  noise.  In  Figure 
6,  the  magnetic  field  versus  time  is  displayed  for  the 
uncompensated  total  field  (lower  trace)  and  the  total 
field  with  the  above  noises  subtracted.  The  power  of 
this  noise  reduction  approach  is  exemplified  in  this 
figure.  In  addition  to  using  direct  subtraction  of  the 
noises,  both  coherent  subtraction  and  adaptive  noise 
cancellation  have  been  employed  in  the  noise  reduction 
studies  (Salik  1995). 


Figure  4:  The  PSD  of  the  Compensated  Total  Field 
(TFU-XX,  upper  trace)  is  Compared  with  the  PSD  of 
the  Model  Field. 
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Figure  5:  The  PSD  of  the  Uncompensated  Total  Field 
(TFU,  upper  trace)  is  Compared  with  the  PSD  of  the 
Model  Corrected  Compensated  Total  Field  (TFU-XX- 
TFM). 


Figure  6:  The  Uncompensated  Total  Field  (TFU, 
lower  trace)  is  Compared  with  the  Model  Corrected 
Compensated  Total  Field  (TFU-XX-TFM).  An  offset 
of  2  Gammas  was  Used  for  Display  Purposes. 


The  magnetic  geology  noise  in  this  region  occurs  at  low 
frequency  and  is  not  significant  above  0.04  Hz.  This 
noise  arises  from  magnetic  rock  that  resides  below  the 
sea  floor.  It  can  be  modeled  as  a  dipole  array  at  the 
depth  of  the  geology.  The  periodicity  depends  on  the 


depth  and  the  structure.  The  farther  away  it  is,  the  lower 
the  frequency.  Many  measurements  of  the  geology  field 
are  compiled  in  the  GEODAS  empirical  data  base  from 
the  National  Geophysical  Data  Center.  This  data  base 
was  used  to  provide  sea  level  magnetic  field  values  as  a 
function  of  location  within  the  test  area.  These  values 
are  used  to  calculate  the  geology  field  as  a  function  of 
location  at  the  altitude  of  the  test.  Using  this  modeled 
field  and  the  GPS  information  from  the  flight  test,  the 
magnetic  geology  contribution  at  each  data  point  is 
determined  and  removed.  The  result  of  this  is  shown  in 
Figure  7.  In  this  figure,  the  total  field  is  shown  for  a 
flight  without  very  much  maneuvering  and  buffeting,  so 
the  residual  noise  is  low.  The  geology  noise  reduction  is 
mostly  below  0.02  Hz;  however,  this  does  demonstrate 
the  principle  of  MAD  band  geology  noise  removal. 
Higher  resolution  measurements  to  produce  a  more 
accurate  map  will  provide  significantly  higher  levels  of 
noise  reduction. 


Figure  7:  The  PSD  of  the  Geology  Field  is  Shown 
along  with  the  PSD  of  the  Uncompensated  Total  Field 
Minus  the  Geology  Field. 

CONCLUSIONS 

The  efficacy  of  using  the  GPS  to  assist  in  reducing  the 
magnetic  noise  in  an  airborne  magnetometer  has  been 
demonstrated.  Within  the  MAD  detection  band,  35  to  40 
dB  of  noise  reduction  has  been  achieved;  and,  the  utility 
of  using  the  GPS  as  a  model  input  for  reducing  magnetic 
geology  noise  was  demonstrated. 
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ABSTRACT 

This  paper  discusses  options  for  modernizing  the 
ground  control  facilities  of  the  Global  Positioning 
System  (GPS).  Specifically,  it  discusses  the  S-band 
command  and  status  functions  that  are  performed  by 
the  Ground  Antennas  (GAs).  In  addition  to 
describing  hardware  upgrades  for  the  GAs,  it 
compares  centralized  and  distributed  processing 
options  and  describes  a  transition  strategy  for 
migrating  from  the  existing  legacy  system  to  a  new, 
modernized  system. 

1.  INTRODUCTION 

The  satellite  constellation  of  the  Global  Positioning 
System  (GPS)  is  operated  and  controlled  by  ground- 
based  facilities,  collectively  known  as  the  Operational 


Control  System  (OCS).  The  OCS  includes  a  central 
Master  Control  Station  (MCS)  and  a  number  of 
geographically  dispersed  Ground  Antennas  (GAs) 
and  Monitor  Stations  (MSs),  also  referred  to  as 
remote  sites.  The  OCS  was  designed  and  built 
almost  fifteen  years  ago  using  1970's  technology. 
By  now,  the  OCS  computer  hardware  as  well  as  most 
of  the  non-computer  hardware  is  obsolete,  in  some 
cases  not  supported  by  the  vendors,  and  difficult  to 
maintain.  The  software  suffers  from  typical  legacy 
software  problems  such  as  a  lack  of  documented 
requirements,  ’’brittle"  code,  and  limited  modifiability 
and  upgradability.  The  underlying  system 
architecture  is  monolithic,  proprietary  and  cannot  be 
easily  upgraded  to  provide  the  needed  higher 
throughput  and  memory.  Furthermore,  the 
architecture  does  not  take  advantage  of  the  recent 
advancements  which  have  the  potential  for  making 
the  OCS  significantly  more  reliable  and  available. 

Draper  Laboratory  was  a  member  of  the  OCS 
Architecture  Task  Force  that  was  convened  by  the 
GPS  Joint  Program  Office  (JPO)  in  1994  to  produce 
a  set  of  engineering  options  for  modernizing  the 
OCS.  The  goal  of  the  study  was  to  produce  a 
variety  of  well-conceived  ideas  and  alternatives, 
which  would  then  enable  the  government  to 
develop  a  comprehensive  evolution  strategy.  Each 
industry  member  of  the  Task  Force  concentrated  on 
a  subset  of  the  OCS  functions  assigned  to  it  by  the 
government  team.  In  addition  to  producing 
engineering  alternatives  for  the  current  OCS 
functionality,  a  transition  plan  for  integrating  any 
change  was  required  that  was  incremental  and 
evolutionary,  rather  than  massive  and  revolutionary. 

Draper  Laboratory  concentrated  on  the  subset  of 
OCS  functions  relating  to  S-band  command  and 
status  communication  with  the  Space  Vehicles 
(SVs).  Several  options  for  this  S-Band  Command 
and  Telemetry  (C&T)  Subsystem  were  considered, 
including  bent  pipe,  store -and -forward  and 
federated  architectures.  The  paper  discusses  each 
of  these  options  and  illustrates  the  transition 
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strategy,  using  the  federated  architecture  as  an 
example. 

2.  SYSTEM  REQUIREMENTS 

2.1  Requirements  Identification 

At  the  beginning  of  the  study,  the  government  team 
identified  a  set  of  OCS  requirements  and  refined 
them  \with  input  from  the  study  team  members  into  a 
final  document  called  the  OCS  Architecture  Plan  [1]. 
Requirements  were  grouped  into  major  functional 
areas  and  represented  graphically  as  bubbles. 

Figure  1  shows  a  hierarchical  organization  of  the 
OCS  functions.  The  functions  are  grouped  into  four 
layers  which  represent  a  progression  from  the  actual 
problem,  i.e.,  the  primary  purpose  of  the  OCS,  to  the 
solution.  Each  layer  represents  a  group  of  functions 
that  is  required  in  support  of  the  functions  of  all  the 
higher  layers,  as  described  below. 

Primary  Purpose  of  the  OCS.  The  primary  objective 
of  the  OCS  is  to  support  the  GPS  satellite  missions, 
particularly  the  navigation  mission.  This  purpose  can 
be  sub-divided  into  three  parts: 

1 .  Ensure  correct  and  sufficient  operation  of  the 
Space  Segment, 

2.  Support  the  Navigation  Mission, 

3.  Support  the  Nudet  Detection  System  (NDS) 
Mission. 

In  addition,  there  are  satellite  communication 
functions  that  enable  all  three  of  these  sub¬ 
purposes  to  be  fulfilled. 

Secondary  Purpose  of  the  OCS.  The  secondary 
purpose  of  the  OCS  is  to  operate  the  control 
segment:  this  is  required  in  order  to  carry  out  the 
primary  function.  This  puipose  can  be  sub-divided 
into  four  parts: 

1 .  Manage  the  MSs, 

2 .  Manage  the  overall  OCS, 

3.  Manage  communications, 

4.  Manage  the  GAs. 

Operator  Monitoring  and  Control.  This  layer  includes 
functions  that  are  required  in  order  to  accomplish  all 
the  functions  of  Layers  1  and  2.  Included  here  are 
the  Human/Computer  Interface,  through  which  the 
operator  controls  and  monitors  the  OCS,  and  Data 
Analysis. 

Software  Implementation  Functions.  This  layer 
includes  system-wide  functions  that  are  required  for 
computer  support.  Included  here  are  the  System 
Services  and  Data  Management  bubbles. 


2.2  Starting  Assumptions 

At  the  kick-off  meeting  for  the  OCS  Architecture 
Study,  there  were  several  lengthy  discussions  about 
how  the  OCS  requirements  should  be  viewed  by  the 
Task  Force.  One  viewpoint  was  that  the  functions  as 
stated  in  the  OCS  Architecture  Plan,  along  with 
formal  requirements  documents  such  as  the  OCS 
Prime  Item  Functional  Specification  [2],  should  be 
considered  as  a  set  of  pure  requirements  without 
any  regard  to  the  present  OCS  implementation.  At 
the  other  extreme  was  the  viewpoint  that  the  present 
implementation  as  well  as  all  planned  upgrades 
should  be  considered  as  constraints  when 
suggesting  new  implementation  options.  In  the  end, 
it  was  concluded  that  the  OCS  should  be  viewed  as  a 
geographically  distributed  set  of  facilities  as  shown  in 
Figure  2  and  described  in  the  Architecture  Plan. 

The  OCS  is  thus  defined  as  consistir^  of  a  Master 
Control  Station  (the  MCS);  multiple,  globally 
distributed  L-band  monitoring  stations  (the  MSs); 
and  multiple,  globally  distributed  S-band 
uplink/downlink  stations  (the  GAs).  These  facilities 
are  linked  by  a  communications  network. 

The  MCS  at  a  minimum  consists  of  the  main 
computer  system  for  the  OCS  and  the  Satellite 
Operators,  who  control  and  monitor  various 
functions  within  the  OCS.  At  a  minimum,  the  GAs 
perform  a  subset  of  the  S-band  Uplink/Downlink 
function,  specifically,  the  subset  relating  to 
conversion  of  binary  signals  to  modulated  tones  for 
transmission  to  the  SV.  The  MSs  perform  at  a 
minimum  the  subset  of  the  L-band  Reception 
function  relating  to  receiving  L-band  signals  from  the 
SV,  demodulating  them  and  performing  a  phase-lock 
loop  search  on  the  PRN  codes.  The  MSs  also 
formulate  Pseudo  Range  and  Accumulated  Delta 
Range  measurements. 

All  other  functions,  however,  could  be  reallocated 
between  the  MCS,  GAs,  and  MSs.  Thus  the  final 
OCS  architecture  could  be  highly  centralized  (i.e.,  no 
data  processing  at  the  remote  stations),  highly 
distributed  (i.e.,  most  data  processing  functions  at 
the  remote  stations)  or  any  point  on  a  continuum 
between  the  two  extremes. 
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Figure  2.  OCS  Facilities 

In  addition,  the  functionality  represented  by  any 
particular  bubble  could  be  allocated  to  one  or  nrore 
OCS  components  (i.e.,  GA,  MCS,  MS).  Thus  a 
bubble  could  represent  completely  self-contained 
functions  or  it  could  represent  functions  requiring 
collaboration  between  two  components.  In  the 
current  OCS,  for  example,  the  Maneuver  Planning 
bubble  represents  functions  performed  solely  by  the 
MCS,  while  the  Vehicle  Bus  Support  bubble  is 
carried  out  by  the  MCS  in  cooperation  with  the  GAs. 

3.  COMMAND  &  TELEMETRY  SUBSYSTEM: 
DESIGN  OPTIONS 

3.1  Overview 

The  functional  areas  that  make  up  the  Command  & 
Telemetry  (C&T)  Subsystem  are  listed  below.  A  brief 
summary  of  the  requirements  of  each  area  is  also 
given. 

Vehicle  Bus  Support.  Detect  vehicle  bus  anomalies 
by  monitoring  telemetry;  determine  bus  state  of 
health;  perform  functional  verification  of  uplinked 
commands;  generate  commands;  generate 
spacecraft  processor  program  and  data  loads  and 
commands;  transmit  commands. 

Navigation  Payload  Support.  Detect  navigation 
payload  anomalies;  generate  uploads;  determine 
nav  payload  state  of  health;  transmit  uploads. 

NDS  Payload  Support.  Detect  NDS  payload 
anomalies;  perform  functional  verification  of  NDS 
commands;  generate  NDS  payload  commands; 
transmit  and  verify  NDS  payload  commands;  check 
NDS  payload  state  of  health;  generate  lONDS 
telemetry  data  for  transmission  to  AFTAC. 

Part  of  OCS  Resource  Management  relating  to  GAs. 
Perform  readiness  tests;  monitor  GA  status  data  to 
detect  anomalies. 

S-band  Uplink/Downlink.  Track  the  downlink  carrier; 
format,  encrypt  and  convert  command  data  to 
modulated  signals  for  transmission  to  the  SV;  uplink 
a  carrier  signal  to  the  SV  containing  command  and 


navigation  data;  acquire,  demodulate,  decrypt, 
decommutate,  and  format  S-band  telemetry  data. 

Part  of  External  Data  Transfer  relating  to  SV 
Contractor  and  AFTAC.  Provide  NDS  Payload 
Support  Data  to  AFTAC.  Provide  SV  telemetry  data 
to  the  SV  contractor. 

In  this  study  several  options  were  considered  for  the 
implementation  of  the  Command  &  Telemetry 
Subsystem.  The  principal  difference  between  these 
options  is  the  allocation  of  functions  between  a 
central  facility  (the  MCS)  and  the  remote  site  GAs.  As 
discussed  in  Section  2.2,  a  continuum  of  choices 
exists  for  this  distribution.  This  is  illustrated  in  Figure 
3. 

The  top  row  in  the  figure  shows  the  functions  under 
consideration.  The  remaining  rows  illustrate  three 
options  for  allocating  these  functions  between  the 
MCS  and  the  GAs.  The  centralized  approach  and 
the  federated  approach  represent  the  two  extremes. 
In  the  centralized  architecture,  most  of  the  C&T 
processing  is  performed  by  the  MCS,  while  the  GAs 
only  provide  the  RF  uplink  to  and  downlink  from  the 
SVs.  This  is  also  known  as  the  bent-pipe  GA  design. 
The  federated  design,  on  the  other  hand,  makes 
maximum  use  of  the  computing  resources  available 
at  the  remote  sites.  In  this  design  most  of  the 
Vehicle  Bus  Support,  Navigation  Payload  Support 
and  NDS  Payload  Support  functions,  in  addition  to 
RF  uplink  and  downlink,  are  performed  at  the  GAs; 
the  MCS  only  performs  those  C&T  functions  that  are 
most  efficiently  implemented  centrally  such  as 
command  and  upload  generation.  The  hybrid 
approach  distributes  more  processing  to  the  GAs 
than  does  the  centralized  approach,  but  not  as  much 
as  the  federated  approach.  The  current 
implementation  is  such  an  approach  and  is  called  the 
store-and-fon«ard  GA  design. 

For  the  centralized  and  hybrid  designs,  the 
Command  &  Telemetry  processing  at  the  MCS  could 
itself  be  implemented  in  a  centralized  or  distributed 
manner.  These  are  referred  to  as  the  centralized-at- 
MCS  and  distributed-at-MCS  suboptions, 
respectively.  In  the  centralized  implementation,  one 
copy  of  the  software  would  serve  multiple  users 
simultaneously,  i.e.,  multiple  System  Satellite 
Operators  (SSOs)  monitoring  contacts  at  different 
GAs.  In  the  distributed  implementation  separate 
copies  of  the  software,  each  executing  on  its  own 
workstation,  would  exist  to  serve  each  GA.  This 
implementation  more  readily  allows  for  an  increase  in 
the  number  of  simultaneous  contacts  and  growth  in 
the  functionality  provided  during  a  contact,  while 
preventing  problems  with  one  contact  from  affecting 
other  concurrent  contacts.  In  the  federated  design, 
however,  the  processing  at  the  MCS  is  too  simple  to 
benefit  from  a  distributed  architecture. 
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Figure  3.  Implementation  Options  for  Command  &  Telemetry  Subsystem. 


The  following  sections  describe  the  three  design 
options  in  more  detail  and  summarize  their 
advantages  and  disadvantages. 

3.2  Centralized  C&T  Subsystem 

In  this  design  most  of  the  Command  &  Telemetry 
functions  are  performed  by  the  MCS.  The  purpose 
of  the  GAs  is  solely  to  provide  the  RF  uplink  and 
downlink  to  the  SVs.  The  following  two  subsections 
describe  the  implementation  of  the  functions  at  the 
MCS  and  the  GAs.  respectively,  for  this  option. 

3.2.1  MCS 

In  a  centralized  architecture,  the  MCS  would  perform 
the  following  functions  in  addition  to  its  current 
functions; 

•  Command  encryption.  Commands  must  be 
encrypted  before  being  sent  to  the  GA. 

•  Telemetry  decryption  and  decommutation.  Live 
encrypted  telemetry  is  decrypted  at  the  MCS, 
decommutated  and  time-stamped  for  each 
frame.  Playback  telemetry  must  also  be 
decrypted,  decommutated  and  time-stamped. 

•  Uplink  retry.  Retry  of  commands  or  upload 
segments  that  failed  must  be  done  under  direct 
control  of  the  MCS. 

However,  some  processing  is  also  removed  from  the 
MCS  because  there  is  no  longer  any  need  to 
maintain  duplicate  copies  of  command  and  upload 
messages  at  the  MCS  and  the  GAs  and  to  ensure 
that  they  are  synchronized. 

3.2.2  Bent  Pipe  GA 

The  bent-pipe  GA  is  similar  in  concept  to  the 
Automated  Remote  Tracking  Station  (ARTS)  of  the 
U.S.  Air  Force  Satellite  Control  Network  (AFSCN).  A 
bent-pipe  GA  remote  site  performs  the  following 
functions. 

a.  Receives  SV  commands  and  nav  uploads  from 
MCS. 

b.  Converts  commands/uploads  to  RF  energy  and 
transmits  them  to  the  SV.  Performs  echo  check 
on  transmitted  data. 

c.  Receives,  converts  from  RF  to  digital,  and  time 
stamps  beginning  of  telemetry.  (Individual 
frames  are  not  time-stamped  because  the 
decryption  and  decommutation  functions  are  not 
performed  at  the  bent-pipe  GA.) 

d .  Sends  raw  telemetry  to  MCS  in  real  time. 

e.  Sends  GA  equipment  status  to  MCS. 

To  implement  the  bent-pipe  GA,  the  IBM  Series/1 
computers  in  the  present  GAs  would  be  replaced 
with  dependable,  open  architecture  control 
computers.  The  encryption  devices,  KIT-1 23s, 


would  be  moved  to  the  MCS,  since  SV  commands 
would  now  be  encrypted  at  the  MCS.  The 
decryption  devices,  KGR-28S,  would  also  be  moved 
to  the  MCS,  as  downlink  telemetry  would  be 
decrypted  and  decommutated  at  the  MCS.  The 
functionality  of  the  control  computer  will  be  reduced 
significantly  compared  to  the  Series/1  functionality  in 
the  existing  GAs.  The  software  to  implement  this 
functionality  would  be  custom  designed  using  an 
object-oriented  approach  and  implemented  in  Ada, 
and  a  COTS  POSIX-compliant,  real-time  operating 
system  would  be  used. 

The  principal  advantage  of  th€t  bent-pipe  GA  design 
is  that  is  provides  commonality  with  the  AFSCN 
ARTS.  It  also  requires  a  simpler  software  design  at 
the  remote  sites  compared  to  the  existing  GAs,  and  it 
does  not  require  commands  and  uploads  to  be 
stored  at  the  remote  sites. 

This  option  has  many  disadvantages.  These  include 
increased  processing  requirements  at  the  MCS, 
increased  hardware  and  software  complexity  at  the 
MCS,  and  increased  dependence  of  GAs  on  the 
MCS  to  perform  their  function.  It  does  not  take 
advantage  of  the  distributed  processing  resources 
available  at  the  GAs. 

3.3  Hybrid  C&T  Subsystem 

The  hybrid  approach  distributes  Command  & 
Telemetry  processing  between  the  MCS  and  the 
GAs.  The  following  two  subsections  describe  the 
MCS  and  the  GA  implementations,  respectively,  for 
this  option. 

3.3.1  MCS 

In  the  hybrid  approach,  commands  and  nav  uploads 
are  generated  at  the  MCS  and  sent  to  the  GA  for 
storage  and  later  transmission  to  the  satellite.  The 
MCS  maintains  duplicate  copies  of  command  and 
upload  messages  and  ensure  that  they  match  what  is 
currently  at  a  particular  GA.  Failed  commands  and 
uploads  are  retired  by  the  GA,  following  initial 
direction  given  by  the  MCS. 

The  MCS  receives  decrypted  telemetry  frames  from 
the  GA  and  processes  the  individual  status 
parameters,  i.e.,  performs  conversion  to  engineering 
units  and  limit  checking.  Raw  telemetry  data  is 
fonwarded  to  the  SV  Contractor  and  AFTAC  sites. 
Equipment  status  sent  by  the  GA  is  also  processed 
at  the  MCS;  this  processing  includes  computation  of 
derived  status,  limit  checking,  and  evaluation  of 
overall  station  status. 
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3.3.2  Store-and-Forward  GA 

The  store-and-forward  GA  is  identical  to  the  current 
GA  in  functionality  and  performs  the  following 
functions. 

a.  Receives  and  stores  SV  commands  and  nav 
uploads  from  MCS. 

b.  Upon  separate  order  from  MCS,  converts 
commands/uploads  to  RF  energy  and  transmits 
to  SV.  Performs  echo  check  on  transmitted 
data. 

c.  Receives,  converts  from  RF  to  digital,  decrypts, 
decommutates,  time  stamps  and  stores  SV 
telemetry. 

d.  Analyzes  telemetry  to  verify  SV  acceptance  of 
uplink  data. 

e .  Retries  uplinks  that  failed,  as  directed  by  MCS. 

f.  Transmits  telemetry  to  MCS  in  real  time. 
Provides  playback  telemetry  after  contact  as 
requested  by  MCS. 

g.  Sends  GA  equipment  status  to  MCS. 

To  implement  this  option  the  two  Series/1 
computers  at  each  GA  would  be  replaced  by 
redundant  open  architecture  control  computers.  The 
functionality  of  the  Two  Channel  Switch,  Red  Black 
Terminal  Interface,  Bit  Synchronizer,  Decommutator 
and  the  Time  Code  Translator  would  be  absorbed  in 
the  control  computers.  The  redundant  control 
computers  would  be  integrated  with  the 
encryption/decryption  hardware  in  the  red  shelter 
and  with  the  RF  and  baseband  hardware  in  the  black 
shelter  over  fiber  optic  links.  The  echo  circuit  and 
the  downlink  test  circuit  would  be  replicated,  thereby 
making  the  uplink  and  the  downlink  subsystems 
completely  dual  redundant  and  eliminating  all  single 
point  failures  in  those  subsystems. 

The  existing  applications  software  for  the  Series/1 
computer  would  be  replaced  with  custom  software 
developed  using  an  object-oriented  design 
approach  and  implemented  in  Ada.  The  current 
executive  would  be  replaced  with  a  COTS  POSIX- 
compliant  real-time  operating  system. 

A  principal  advantage  of  the  store-and-forward  GA 
design  option  is  that  the  current  functionality  of  the 
GA  is  implemented  in  a  state-of-the-art,  dependable, 
open  system  architecture.  The  new  GA  control  and 
status  design  would  also  provide  better  error 
detection/retry  capability  during  uplink  of  large  nav 
messages.  The  maintainability  of  the  new  GA  would 
be  much  improved  compared  to  the  existing  GA. 
Finally,  this  design  takes  some  advantage  of  the 
computing  resources  available  at  the  GAs. 

The  principal  disadvantage  of  this  design  is  that  it 
lacks  commonality  with  the  ARTS  of  the  AFSCN. 
This  design  does  not  fully  leverage  distributed 
computing  resources  and  technology  to  reduce 


MCS  corrplexity.  It  does  not  reduce  dependence  of 
remote  sites  on  the  MCS  appreciably.  Finally,  there 
is  the  added  complexity  of  distributed  data,  i.e., 
commands  and  uploads  are  duplicated  at  the  MCS 
and  the  GAs. 

3.4  Federated  C&T  Subsystem 

In  the  federated  approach  the  Command  & 
Telemetry  processing  is  concentrated  at  the  Ground 
Antennas.  The  following  two  subsections  describe 
the  MCS  and  the  GA  implementations,  respectively, 
for  this  option. 

3.4.1  MCS 

Commands  and  nav  uploads  are  generated  at  the 
MCS  and  sent  to  the  GA  for  storage  and  later 
transmission  to  the  satellite.  However,  duplicate 
copies  of  the  messages  are  not  maintained  at  the 
MCS.  All  telemetry  processing  is  performed  at  the 
GA.  The  MCS  does  receive  telemetry  parameters  for 
display  but  only  when  a  change  is  detected. 
Telemetry  required  by  AFTAC  and  the  SV  Contractor 
is  sent  directly  from  the  GA,  rather  than  being  routed 
through  the  MCS.  Failed  commands  and  uploads 
are  retried  by  the  GA,  following  initial  direction  given 
by  the  MCS. 

3.4.2  Federated  GA 

The  federated  GA  is  a  concept  not  yet  implemented 
at  the  ground  antennas  for  any  satellite  system. 
Each  federated  GA  remote  site  would  perform  the 
following  functions. 

a.  Receive  and  store  SV  commands  and  nav 
uploads  from  MCS. 

b.  Upon  separate  order  from  MCS,  convert 
commands/uploads  to  RF  energy  and  transmit  to 
SV.  Perform  echo  check  on  transmitted  data. 

c.  Receive,  convert  from  RF  to  digital,  decrypt, 
decommutate,  time  stamp  and  store  SV 
telemetry. 

d.  Perform  all  telemetry  processing  formerly  done 
at  MCS,  including  limit  checks,  maximum  change 
checks,  computation  of  derived  measurements, 
functional  verification  of  uplinked  commands, 
etc.,  as  well  as  verifying  SV  acceptance  of 
uplinked  data  or  commands. 

e.  Send  telemetry  parameters  to  MCS  when  a 
change  is  detected. 

f .  Retry  uplinks  that  failed,  as  directed  by  MCS. 

g.  Provide  playback  telemetry  after  contact  as 
requested  by  MCS. 

h  Send  raw  telemetry  to  SV  Contractor  and 
AFTAC. 

i.  Process  GA  equipment  status,  including 
computation  of  derived  status,  limit  checking  and 
evaluation  of  overall  station  status. 
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The  implementation  of  this  option  would  involve  the 
same  steps  as  described  for  the  hybrid  approach, 
i.e.,  replacing  the  Series/1  computers  at  the  GA  with 
modern  computers,  combining  and  simplifying  other 
equipment  in  the  C/S  subsystem,  re-implementing 
the  existing  EDL  application  software,  etc.  At  this 
point,  it  would  be  necessary  to  remove  functionality 
from  the  MCS  and  implement  it  at  the  GA.  This  is 
described  in  detail  in  Section  4. 

With  a  federated  architecture,  as  with  the  hybrid 
approach,  the  current  functionality  of  the  GA  would 
be  implemented  in  a  state-of-the-art,  dependable, 
open  system  architecture.  In  its  final  implementation, 
however,  it  would  take  full  advantage  of  distributed 
computing  resources  and  technology  to  reduce 
MCS  complexity.  It  eliminates  duplicate  command, 
upload  and  tracking  messages  by  storing  messages 
only  at  the  GA.  Its  principal  disadvantage  is  that  is 
lacks  commonality  with  ARTS,  although  designs  for 
getting  around  this  limitation  have  been  proposed 
[4]. 

4.  COMMAND  &  TELEMETRY  SUBSYSTEM: 

TRANSITION  STRATEGY 

The  design  and  implementation  of  the  hardware  and 
software  required  for  the  federated  C&T  Subsystem 
is  a  challenging  engineering  task.  But  an  even  larger 
challenge  is  posed  by  the  transition  task:  how  to 
migrate  from  the  existing  legacy  system  to  a  new 
target  system  containing  open  architecture  hardware 
and  easily  understandable,  maintainable,  and 
portable  software.  The  CCS  is  a  large  system 
(several  million  lines  of  code).  The  Architecture  Task 
Force  was  required  to  produce  a  transition  plan  that 
was  incremental  and  evolutionary  rather  than  calling 
for  a  one-time  "flip  the  switch"  cutover.  While  this 
constraint  was  initially  inspired  by  government 
budget  limitations,  it  also  reflects  sound  engineering 
practice. 

The  strategy  of  rewriting  a  legacy  system  from 
scratch  to  produce  the  target  system  and  planning 
for  a  one-time  total  replacement  has  been  called  the 
"Cold  Turkey"  approach  to  conversion  of  legacy 
systems  (3].  This  strategy  carries  substantial  risk  of 
failure  for  a  number  of  reasons,  including  the 
constantly  changing  conditions  of  the  system  (the 
"moving  target"),  poorly  documented  specifications, 
undocumented  dependencies,  the  requirement  for 
almost  100%  system  up  time,  and  the  difficulty  of 
managing  large  projects.  An  alternative  approach 
proposed  in  [3]  is  the  "Chicken  Little"  approach, 
which  involves  migrating  the  legacy  system  in  place 
by  small  incremental  steps  until  the  desired  long  term 
objective  is  reached.  Each  step  requires  a  relatively 
small  resource  allocation  (e.g.,  a  few  person  years), 
takes  a  short  time,  and  produces  a  specific,  small 
result  toward  the  desired  goal.  If  one  step  of  this 


approach  fails,  only  the  failed  step  must  be  repeated 
rather  than  the  entire  project.  In  addition,  failures  in 
individual  steps  may  indicate  large  or  previously 
unforeseen  problems.  Due  to  the  incremental 
nature  of  this  approach,  such  problems  can  be 
addressed  incrementally.  The  Chicken  Little 
approach  in  the  long  run  will  probably  cost  more  than 
the  Cold  Turkey  approach,  because  it  requires  the 
creation  of  "gateways,"  software  modules  introduced 
between  operational  software  components  to 
mediate  between  them  and  to  insulate  some 
components  from  changes  being  made  to  others. 
After  the  system  has  been  entirely  replaced,  these 
gateways  will  be  discarded.  But  the  higher  cost  of 
Chicken  Little  must  be  balanced  against  its 
significantly  higher  probability  of  success. 

Draper  attempted  to  apply  the  principles  described  in 
[3]  to  the  transition  plan  devetoped  for  migrating  from 
the  current  OCS  architecture  to  one  including  a 
Federated  C&T  Subsystem.  This  transition  has  four 
main  steps: 

(1)  replace  the  computer  hardware  and  software  at 
each  Ground  Antenna,  providing  only  the 
current  functionality; 

(2)  replace  the  Nav  Payload/NDS  Payload/Vehicle 
.  Bus  Support  and  relevant  OCS  Resource 

Allocation  functions  at  the  MCS; 

(3)  update  Ground  Antenna  RF  and  baseband 
equipment,  such  as  the  High  Power  Amplifiers 
and  Bit  Synchronizers;  also  replicate  the  single¬ 
string  equipment; 

(4)  migrate  selected  MCS  functions  to  each  Ground 
Antenna. 

4.1  Step  1:  Replacement  of  GA  Control  & 
Status  Subsystem 

The  purpose  of  this  step  is  to  install  an  open- 
architecture  computer  with  a  modern  operating 
system  and  programming  language  that  can  senre  as 
the  basis  for  further  improvements.  The  Control  & 
Status  Subsystem  should  be  updated  in  one 
Ground  Antenna  at  a  time.  The  Control  & 
Subsystem  includes  the  control  computers 
(Series/1)  and  other  digital  control  equipment  such 
as  the  Digital  Acquisition  Control  Unit  (DACU)  and 
Decommutators.  Electrical  connections  can  be 
replaced  with  fiber  optics.  The  selected  operating 
system  should  be  installed  on  the  main  control 
computers,  system  files  converted  to  the  target  data 
base,  and  the  object-oriented,  Ada  version  of  the  GA 
application  program  activated.  The  new  GA 
application  program  is  estimated  to  be  about  60K 
source  lines  of  code.  For  replacement  of  this 
application,  a  Cold  Turkey  approach  was  proposed 
for  two  reasons.  One  reason  was  the  difficulty  of 
finding  COTS  communications  software  written  for 
the  Series/1  computer.  The  other  reason  was  that 
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there  are  five  GAs  world-wide  to  meet  GPS  needs. 
Taking  down  one  of  them  for  a  short  time  does  not 
totally  disrupt  GPS  operations.  In  addition,  several 
options  exist  for  providing  a  substitute  while  a 
particular  GA  is  being  upgraded  [4.5]. 

This  step  does  not  have  a  backout  plan.  It  is 
assumed  that  before  beginning  the  conversion, 
replacement  hardware  and  software  have  been 
thoroughly  tested  using  a  testbed,  the  test 
environment  at  Cape  Canaveral  or  other  means.  If 
problems  are  encountered  during  the  upgrade,  all 
efforts  will  be  concentrated  on  solving  those 
problems;  re-installing  the  Series/1  is  not  an  option. 
The  decision  to  proceed  with  the  upgrade  signals  a 
commitment  to  making  the  new  system  work. 

This  step  will  result  in  several  new  and  changed 
messages  being  sent  to  the  MCS  from  the  GA. 
These  messages  report  equipment  status  and  also 
serious  error  conditions  that  result  in  operator  alarms 
at  the  MCS.  Software  must  be  in  place  at  the  MCS  to 
accept  these  new  and  changed  messages  and  to 
generate  appropriate  operator  displays. 

4.2  Step  2:  Replacement  of  Relevant  MCS 
Functions 

In  this  step  the  Nav  Payload/NDS  Payload/Vehicle 
Bus  Support  and  relevant  OCS  Resource  Allocation 
functions  are  replaced  at  the  MCS.  The  goal  of  this 
step  is  to  provide  the  same  functionality  as  the 
current  system  but  to  disentangle  these  functions 
from  the  current  hardware  and  software,  modularize 
them  and  provide  clean  interfaces  between  the 
modules  so  that  future  modifications  can  be  more 
easily  accommodated.  Since  the  MCS  currently  runs 
on  an  ES9000  mainframe,  communication  with  other 
computers  or  workstations  should  not  be  a  problem 
and  the  Chicken  Little  approach  should  be  followed 
for  migrating  these  functions. 

Replacements  for  these  functions,  either  rewritten 
modules  or  COTS  products,  will  have  previously 
been  obtained.  In  this  step,  the  existing  CPCs  from 
the  SV  Command/Status  Computer  Program 
Configuration  Item  (CPCI)  and  Network  Control  CPCI 
will  be  replaced,  one  Computer  Program  Component 
(CPC)  at  a  time,  by  a  replacement  function  running 
on  an  open-architecture  workstation.  The 
workstation  will  also  be  running  a  commercially 
available  real-time  operating  system,  an  Object 
Request  Broker  for  inter-process  communication 
and  the  selected  Database  Management  System 
(DBMS).  The  system  as  it  exists  before  any 
functions  have  been  migrated  is  shown  in  Figure  4. 

(It  should  be  noted  that  an  Object  Request  Broker  is 
simply  a  specific  instantiation  of  an  Inter-Process 
Communication  (I PC)  service.  An  ORB  provides  a 
higher-level  inteilace  than  many  IPC  products  and. 


despite  its  name,  does  not  require  that  the 
communicating  processes  be  implemented  using 
object-oriented  methods.  While  ORB  has  been 
used  in  the  following  discussion  to  illustrate  the 
transition  strategy,  any  IPC  would  work.) 

The  ES9000  containing  the  current  MCS  so^are  is 
shown  in  the  upper  half  of  Figure  4.  For  simplicity, 
we  have  shown  only  the  CPCs  from  SV 
Command/Status  and  Network  Control  CPCIs. 
These  are  represented  by  rounded  rectangles. 
Each  of  the  disks  at  the  top  of  the  figure  represents  a 
single  file  in  the  existing  system.  Access  to  each  file 
is  through  a  single  routine;  these  routines  are 
grouped  together  in  a  CPC  called  "Common  Access 
Routines."  Thus  it  can  be  seen  that  access  to  each 
file  is  controlled  through  a  single  point  and  that  once 
a  particular  file  has  been  migrated  to  the  target  data 
base,  this  single  control  point  can  be  modified  to 
access  the  desired  data  from  the  target  system.  The 
ES9000  is  connected  to  the  target  workstation  by  a 
communicattons  link. 

In  order  to  replace  the  existing  CPCs  one  at  a  time, 
two  types  of  transition  software  must  be  designed 
and  implemented.  First,  gateways  that  mediate 
between  the  legacy  system  and  the  target  functions 
must  be  designed  and  implemented.  On  the 
ES9000  these  gateways  will  translate  legacy 
messages  (i.e..  Work  Requests)  or  legacy  file 
accesses  into  messages  the  object  in  the  target 
system  understands.  On  the  target  system  these 
gateways  (or  "stubs")  will  translate  messages  from 
objects  in  the  target  system  into  messages  (i.e.. 
Work  Requests)  the  legacy  system  understands  or 
into  accesses  to  legacy  files. 

In  addition,  an  ES9000-ORB  interface  must  be 
designed  and  implemented.  This  Interface  is 
needed  because  the  gateways  on  the  ES9000  must 
be  able  to  send  and  receive  ORB  messages  but 
most  ORB  products  are  not  implemented  for  the 
ES9000.  The  ES9000-ORB  interface  will  accept 
low-level  packets  from  the  gateways  on  the  ES9000 
and  translate  them  into  an  ORB-type  request;  it  will 
also  accept  ORB  messages  from  processes  on  the 
workstation  and  translate  them  into  low-level  packets 
for  the  ES9000.  The  gateways  and  ES9000-ORB 
interface  are  illustrated  in  Figure  5. 

One  issue  not  yet  addressed  is  how  to  deal  with  data 
obtained  from  Compools,  e.g.,  the  SV  Current  Value 
Table  (SV  CVT).  One  possible  solution  is  to  first 
modify  the  existing  software  so  that  all  reads  and 
writes  of  each  compool  go  through  a  common 
access  routine,  similar  to  the  file  access  routines. 
This  access  routine  could  then  be  replaced  with  a 
gateway  that  obtains  data  from  the  target  system  as 
required. 
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Figure  4.  Step  2  Transition  at  MCS  (Before) 
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More  details  and  examples  of  the  transition  process 
are  provided  in  [6].  Two  important  considerations 
must  be  mentioned  here.  (1)  The  order  in  which 
CPCs  are  transitioned  has  performance  implications. 
The  CPCs  should  be  cut  over  in  an  order  such  that 
once  a  function  is  being  executed  on  the  target 
workstation  it  does  not  cause  accesses  back  to  the 
legacy  files,  if  at  all  possible.  (2)  Communication 
back  and  forth  between  legacy  and  target  systems 
will,  nonetheless,  impact  performance.  The 
challenge  will  be  to  keep  this  impact  to  the  absolute 
minimum. 

Note  that  the  software  development  effort  for 
Transition  Steps  1  and  2  can  be  proceeding  in 
parallel.  Also,  the  actual  execution  order  of  Steps  1 
and  2  could  be  reversed. 

4.3.  Step  3:  Update  of  GA  RF  and 
Baseband  Equipment 

In  this  step  the  Ground  Antenna  RF  and  Baseband 
equipment  is  updated.  This  includes  replacing 
existing  items  such  as  the  High  Power  Amplifiers  and 
Bit  Synchronizers,  as  well  as  replicating  the  echo 
check  circuit  and  downlink  test  circuit,  which  are 
currently  single  string.  This  should  require  only 
minor  software  changes,  for  example,  if 
replacements  for  existing  equipment  require 
different  control  parameters  or  supply  different 
status  information. 

As  in  Transition  Step  1,  the  equipment  should  be 
replaced  in  one  Ground  Antenna  at  a  time  and  a 
substitute  ground  antenna  provided  while  the 
replacement  is  occurring. 

4.4.  Step  4:  Migrate  Selected  MCS 
Functions  to  Ground  An*  nnas 

In  this  step  the  functions  identified  in  Section  4.2 
(Figure  4)  as  residing  at  the  Ground  Antenna  should 
be  moved  from  the  MCS  to  the  Ground  Antennas. 
This  software  migration  will  be  incremental  in  that  it 
will  be  done  in  one  Ground  Antenna  at  a  time,  but  for 
that  particular  Ground  Antenna,  all  designated 
functions  will  be  moved  from  the  MCS  to  the  GA. 

This  step  requires  a  strategy  similar  to  that  explained 
for  Step  2.  Gateways  will  be  required  at  the  MCS  but 
not  at  the  Ground  Antenna. 

When  all  Ground  Antennas  have  become  federated, 
the  amount  of  programs  and  data  residing  at  the 
MCS  will  be  considerably  reduced.  The  amount  of 
programs  and  data  at  the  Ground  Antennas,  on  the 
other  hand,  will  be  considerably  increased. 


5.  SUMMARY  AND  CONCLUSIONS 

Several  options  for  rearchitecting  a  subset  of  OCS 
functions  collectively  known  as  the  Command  & 
Telemetry  Subsystem  have  been  described  in  this 
paper.  These  options  span  the  spectrum  from  a 
highly  centralized  architecture  to  a  federated 
architecture.  In  addition,  a  transition  plan  has  been 
described  for  migrating  from  the  existing  OCS  legacy 
system  to  a  federated  Ground  Antenna  architecture. 
This  transition  plan  assumes  an  incremental, 
evolutionary  approach  which,  while  obviously  very 
complex,  has  a  substantially  higher  probability  of 
success  than  the  traditional  one-time,  flip-the-switch 
approach. 
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ABSTRACT 

The  concept  of  a  civil  owned  Global  Navigation 
Satellite  System  (GNSS)  has  evolved  due  to  the 
concerns  of  the  civilian  navigation  community  over 
the  current  satellite  positioning  systems,  GPS  and 
GLONASS.  Neither  of  these  two  systems  provide 
continuous  satellite  availability  and  integrity,  and  both 
of  them  have  been  developed  as  military  systems 
owned  by  single  nations,  with  no  absolute  guarantee  of 
continuity  of  service.  In  the  case  of  GPS,  the 
implementation  of  Selective  Availabihty  (SA)  to 
degrade  navigation  accuracy  means  that  full  GPS 
navigation  accuracy  is  inaccessible  to  the  civilian 
community. 

Various  options  have  been  proposed,  and  some 
implemented,  to  address  these  concerns.  These  range 
from  joint  (US)  military  (DoD)  and  civilian  (DoT) 
control  of  GPS,  augmentation  by  using  other  satellite 
systems  (eg.  geostationary  communications  satellites), 
to  the  eventual  deployment  of  a  new  GNSS  wholly 
owned  by  the  civilian  community. 

It  has  also  been  suggested  that  the  task  of  finding  a 
successor  to  GPS  should  follow  an  evolutionary 
process,  culminating  in  the  deployment  of  the  new 
GNSS.  The  approach  is  therefore  a  gradual  one, 
starting  with  the  current  GPS  constellation  and 
enhancing  its  potential,  in  stages,  through 


augmentation  with  existing  satellites,  such  as 
communication  satellites  in  Geostationary  Orbits 
(GEO),  GLONASS,  and  with  planned  satellite 
constellations  in  Low  Earth  Orbit  (LEO)  and  Medium 
Earth  Orbit  (MEO).  Suggestions  have  also  been  made, 
involving  satellites  in  Highly  Elliptical  Orbits  (HEO). 

The  paper  addresses  the  theoretical  and  practical 
aspects  of  candidate  configurations  and  assesses 
satellite  coverage  (and  hence  navigational  potential) 
and  the  provision  of  system  integrity.  The  analysis 
includes  an  investigation  into  the  design  of  satellite 
orbits  advocated  for  use  within  a  GNSS  environment 
such  as  Geostationary  Orbits  (GEO),  Low  Earth  Orbits 
(LEO),  Medium  Earth  Orbits  (MEO)  and  Highly 
Elliptical  Orbits  (HEO). 

1  INTRODUCTION 

The  process  of  GNSS  constellation  design  can  be 
divided  into  two  parts.  Firstly,  it  is  possible  to  design 
a  new  configuration  of  satellites,  given  specific  criteria 
which  it  must  satisfy.  Secondly,  it  is  possible  to 
analyse  a  given  constellation,  either  resulting  from  the 
design  process,  or  based  on  current  satellites,  to  assess 
the  degree  to  which  it  meets  the  specified 
requirements.  A  thorough  description  of  the  basic 
theoretical  principles  of  the  design  of  optimal  satellite 
orbits,  in  terms  of  satellite  availabihty,  coverage, 
accuracy,  integrity  and  cost,  as  implemented  in  the 
lESSG  design  software,  is  given  in  this  paper.  As  a 
demonstration  of  the  analysis  principles,  a  number  of 
GNSS  constellations  have  been  tested. 

•  The  full  GPS  constellation 

•  GPS  plus  4  geostationary  (GEO)  satellites  (the 
planned  geostationary  satellites  of  Inmarsat) 

•  GPS  plus  GLONASS 


•  30  MEO  (Medium  Earth  Orbits,  altitude  of 

approximately  10500  km)  satellites  augmented 
with  6  geostationary  satellites. 

GNSSl  is  therefore  represented  by  the  two  scenarios  of 
GPS  plus  augmentations.  The  use  of  30  MEO  plus  6 
GEO  satellites  offers  a  typical  example  of  GNSS2, 

2  COVERAGE  AND  ACCURACY 

2.1  Design  Criteria 

The  criteria  for  the  design  of  a  satellite  constellation 
can  be  broadly  classified  into  four  major  categories 
namely,  purpose,  integrity,  complexity  and  cost.  The 
purpose  defines  the  use  of  the  satellite  system, 
examples  being  navigation  and  communications. 
System  integrity  defines  the  ability  of  the  system  to 
self-check  so  that  erroneous  satellites  and  receivers 
can  be  isolated,  whereas  complexity  involves  the 
nature  of  technology  required  to  acquire  the  desired 
constellation.  Once  the  purpose  has  been  identified, 
the  required  constellation  has  to  be  designed.  This 
involves  the  determination  of  the  total  number  of 
satellites  required  to  provide  adequate  coverage  of  the 
globe,  together  with  their  corresponding  orbital 
parameters.  The  constellation  is  then  costed  and 
analysed  for  its  navigation  or  communications 
potential,  satellite  availability  and  system  integrity.  If 
the  constellation  is  optimal  in  terms  of  the 
aforementioned  criteria,  then  it  is  adopted  otherwise 
an  iterative  procedure  is  invoked  until  an  acceptable 
constellation  is  achieved.  This  is  illustrated  by  the 
flow  diagram  in  Figure  2.1. 

2.2  Satellite  Coverage 

A  satellite  will  be  visible  on  earth  at  any  point  within 
a  circle  whose  centre  is  directly  beneath  the  satellite. 
The  circle  diameter  increases  with  satellite  altitude, 
and  as  one  approaches  its  perimeter,  a  greater  amount 
of  the  earth's  atmosphere  must  be  traversed  to  reach 
the  satellite,  leading  to  increased  atmospheric  errors. 
Hence,  for  satisfactory  communication  and 
positioning,  elevation  angles  higher  than  7.5  degrees 
are  normally  used.  Clearly,  coverage  for  a  system  of 
communication  satellites  differs  from  coverage  for  a 
constellation  of  navigation  satellites.  In  the  first  case, 
we  need  to  see  a  minimum  of  one  satellite  from  any 
point  on  Earth.  In  the  case  of  navigation,  we  need  a 
minimum  of  4  satellites,  offering  a  sufficiently  strong 
geometry  for  a  good  navigation  fix.  The  coverage  of 
constellation  can  therefore  be  defines  as  a  measure  of 
the  extent  to  which  it  can  provide  the  design  function 
over  the  surface  of  the  earth 


2.3  Cost  Analysis 

The  overall  cost  of  a  satellite  system  can  be  broken 
down  into  three  major  components  namely,  the 
Research  and  Development  Cost,  the  Initial 
Establishment  Cost  and  the  Operation  and 
Maintenance  Cost.  The  costing  process  can  be  further 
broken  down  to  involve  two  of  the  segments  of  the 
system  namely,  the  ground  and  space  segments.  The 
ground  segment  includes  all  the  tracking,  processing, 
transmission  and  launching  facilities  required.  The 
costs  of  the  ground  segment  will  depend  on  the 
complexity  of  these  facilities.  The  launch  costs  vary 
depending  on  whether  small  rockets  are  used  to  place 
satellites  into  low  earth  orbits  or  whether  large 
boosters  are  needed  to  place  satellites  into  higher 
orbits.  Another  variable  in  the  determination  of 
launch  costs  involves  the  launch  procedure  where 
either  single  or  multiple  satellite  launching  can  be 
performed.  The  space  segment  cost  is  proportional  to 
the  complexity  of  the  satellites  themselves.  The  small 
low  powered  satellite  in  low  orbit  will  be  less 
expensive  than  the  more  complicated  high  powered, 
higher  orbit  satellites.  The  other  major  system  costing 
variables  include,  the  number  of  ground  (tracking) 
stations,  the  mean  satellite  life,  the  number  of  satellites 
in  the  constellation,  the  projected  lifetime  of  the 
constellation,  the  probability  of  launch  success,  the 
annual  cost  of  maintaining  a  ground  station,  the 
annual  interest  on  invested  capital  and  annual 
insurance  associated  with  the  project. 


Figure  2.1  -  GNSS  Constellation  Design 
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2.4  Coverage  and  Accuracy  Analysis 

The  navigation  potential  of  any  satellite  constellation 
is  analysed  based  on  the  computation  of  an  indicator  of 
positional  accuracy,  referred  to  as  Position  Dilution  of 
Precision  (PDOP).  The  ’maximum  PDOF  approach  is 
used  where  the  entire  globe  is  divided  into  as  many 
grid  cells  as  is  practical  and  PDOP  values  are 
computed  at  every  point  at  regular  intervals  for  a 
period  of  24  hours.  In  the  following  analyses,  a  time 
interval  of  10  minutes  is  used.  This  is  a  compromise 
between  the  accuracy  of  the  results,  and  the  time 
required  to  compute  the  results.  It  is  possible  that 
spikes  in  the  PDOP  values  will  be  missed  by  a  time 
interval  of  10  minutes.  The  maximum  PDOP  value  at 
every  point  is  then  recorded  to  represent  the  worst  case 
scenario.  This  technique  is  superior  to  the  so  called 
’snapshot’  approach  as  it  takes  care  of  both  temporal 
and  spatial  characteristics  of  the  system.  This 
approach  enables  a  direct  comparison  of  the 
navigation  potential  of  any  two  candidate  satellite 
navigation  systems  for  the  entire  globe  over  24  hours. 

The  following  analysis  is  divided  into  three  parts 
namely,  the  current  GPS  constellation,  the  GPS 
augmentation  representing  GNSSl  and  the 
replacement  of  GPS  representing  GNSS2.  Analysis 
has  shown  that  there  are  4  or  more  satellites  visible 
anywhere  on  the  globe  for  100%  of  the  time,  for  the 
constellations  investigated.  However,  this  does  not 
mean  that  the  constellation  is  ’available’  for  navigation 
purposes  for  100%  of  the  time.  To  be  available  for 
navigation,  the  constellation  must  provide  sufficient 
precision  (DOP  values)  and  sufficient  integrity 
(capability  to  perform  RAIM).  The  following  figures 
illustrate  the  global  coverage  of  the  tested 


constellations,  based  purely  on  the  criterion  of  PDOP, 
They  are  all  based  on  the  same  colour  scale  for  easy 
visual  comparison. 

Figure  2.2  shows  the  maximum  PDOP  value  contour 
plot  of  the  entire  globe  taken  over  24  hours  for  the  24 
GPS  satellite  constellation.  It  is  evident  from  the  plot 
that  the  high  latitude  regions  suffer  more  than  the 
equatorial  and  mid-latitude  areas.  Figures  2.3  and  2.4 
represent  the  results  of  the  GPS  constellation 
augmented  with  4  geostationary  communications 
satellites  and  with  24  GLONASS  satellites 
respectively.  The  result  of  augmenting  GPS  with  4 
geostationary  communications  satellites  is  the 
provision  of  most  regions  with  acceptable  PDOP 
values  (6  and  below).  The  augmentation  of  GPS  with 
GLONASS  represents  the  best  possible  scenario 
offering  PDOP  values  of  4  and  below,  anywhere  in  the 
world  at  any  time. 

The  replacement  of  GPS  by  a  civilian  GNSS  (GNSS2) 
may  rely  on  the  use  of  satellites  in  medium  orbits 
(12000  km  in  altitude)  as  a  compromise  between 
higher  and  lower  orbits,  augmented  with  geostationary 
communications  satellites.  Such  a  constellation  will 
probably  perform  the  dual  task  of  providing 
positioning  and  communications  services.  Figure  2.5 
shows  the  results  of  the  adoption  of  30  Medium  Earth 
Orbit  (MEO)  satellites  augmented  with  6  geostationary 
communications  satellites.  It  can  be  seen  that  most  of 
the  globe  will  experience  PDOP  values  of  6  and  below 
with  an  occasional  rise  of  up  to  10  and  no  worse, 
making  it  a  viable  option  for  GNSS2  with  a  little 
improvement. 
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Figure  2.2  -  Maximum  PDOP  Analysis  for  24  GPS  Satellites 
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2.5  System  Integrity 

System  integrity  is  defined  by  the  FRP  (Federal 
Radionavigation  Plan)  as  the  ability  of  a  system  to 
provide  timely  warnings  when  the  system  should  not 
be  used  for  navigation.  GPS  or  GLONASS  on  their 
own  would  provide  highly  accurate  and  reliable 
navigation  services.  However,  in  some  situations  such 
as  aircraft  navigation,  the  integrity  of  the  systems  is 
insufficient  to  ensure  safety.  Two  methods  have  been 
proposed  for  integrity  monitoring  namely  GPS  or 
GLONASS  Integrity  Channel  (GIC)  and  Receiver 
Autonomous  Integrity  Monitoring  (RAIM).  The  GIC 
integrity  monitoring  method  uses  a  communication 
link  to  transmit  real-time  integrity  messages  to  the 
users.  The  FAA  has  experimented  with  GIC.  With 


this  system  a  network  of  monitoring  stations  is  used  to 
observe  errors  in  the  range  measurements.  RAIM  is  a 
method  of  checking  the  validity  of  the  navigation 
solution  in  the  receiver  by  taking  advantage  of 
redundant  information.  A  detailed  discussion  on 
system  integrity  is  given  in  the  next  section. 


3  INTEGRITY 

Integrity  is  defined  by  the  FRP  (Federal 
Radionavigation  Plan)  as  the  ability  of  a  system  to 
provide  timely  warnings  to  users  when  the  system 
should  not  be  used  for  navigation  [DOD/DOT,  1992]. 
The  development  of  the  Global  Positioning  System 
(GPS)  has  clearly  demonstrated  the  advantages  of  a 
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Figure  2.4  -  Mtaximuin  PDOP  Analysis  for  24  GPS  +  24  GLONASS  Satellites 
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Figure  2.5  -  Maximum  PDOP  Analysis  for  30  MEO  +  6  GEO  Satellites 


Global  Navigation  Satellite  System  (GNSS).  It  has 
global  coverage,  24  hour  all  weather  availability, 
provides  a  high  level  of  positioning  accuracy,  and  has 
proven  to  be  cost  effective  for  a  variety  of  applications, 
from  navigation  to  high  precision  surveying. 
However,  the  civil  air  navigation  community  has  very 
demanding  requirements  for  the  'integrity'  of  any 
systems  used  in  safety-critical  operations.  A 
navigation  system  can  be  said  to  have  integrity  if  it 
never  gives  a  position  which  is  significantly  in  error, 
or  if  it  has  the  ability  to  inform  the  user  when  the 
position  error  is  out  of  tolerance.  The  RTCA,  through 
its  Special  Committee  159,  has  defined  the  integrity 
requirements  which  GPS  must  meet,  in  terms  of  4 
distinct  parameters,  as  follows: 

1.  Alarm  Limit  :  the  size  of  a  'significant'  position 
error,  which  the  user  must  be  informed  of.  This 
depends  on  the  proximity  of  hazards,  such  as 
other  aircraft  (or  the  ground  !),  and  therefore  on 
the  phase  of  flight 

2.  Time  to  Alarm  :  the  (maximum)  time  between 
the  cause  of  the  error,  and  a  warning  message 
reaching  the  user.  Again  this  depends  on  the 
phase  of  flight. 

3.  Maximum  False  Alarm  Rate  :  the  highest  rate  at 
which  system  errors  are  flagged,  without  there 
being  a  real  problem.  This  is  essentially  a  'pilot 
confidence'  factor,  since  a  system  which 
consistently  gives  false  warnings  will  not  be 
trusted. 

4.  Minimum  Detection  Probability  :  the  probability 
that  a  real  error  will  be  detected.  This  factor  is 
the  key  to  integrity,  since  safety-critical 
navigation  cannot  tolerate  system  errors  which  go 
undetected. 


GPS  is  a  complex  system,  based  on  data  messages 
transmitted  from  a  constellation  of  satellites.  There  is 
potential  for  the  system  to  fail  at  any  one  of  a  number 
of  stages,  from  the  production  of  the  data  messages 
and  their  upload  to  the  GPS  satellites,  to  their 
transmission,  reception  and  processing  within  the 
users'  equipment.  To  counter  these  possibilities,  GPS 
has  a  number  of  built-in  checking  systems.  However, 
even  with  all  of  these  self-checks,  GPS  cannot  meet 
the  integrity  requirements  set  out  by  the  RTCA. 

3.1  Definition  and  Requirements  for  Integrity 

Any  positioning  system  uses  measurements,  such  as 
range,  Doppler  count,  or  angle,  to  compute  the 
position  of  the  users.  In  addition  to  the  user's 
coordinates,  information  about  their  precision  and 
reliability  is  also  crucial  for  the  users.  The  precision  of 
a  position  fix  represents  the  position  quality,  as 
affected  by  the  random  measurement  noises  through 
the  geometry  of  the  system.  In  GPS,  this  geometric 
factor  of  the  system  is  described  by  the  Position 
Dilution  of  Precision  (PDOP).  However,  if  there  are 
systematic  errors  or  outliers  in  the  measurements,  the 
position  error  could  be  very  large,  but  not  reflected  by 
the  PDOP.  For  a  Global  Navigation  Satellite  System 
(GNSS),  a  user  may  experience  large  position  errors 
due  to  various  reasons.  These  include: 

1  The  navigation  satellite  may  transmit  incorrect 
information  about  its  ephemeris  and  clock. 

2  Some  user  related  errors  (eg  errors  introduced 
during  signal  propagation  or  by  the  user’s 
receiver),  which  cannot  be  monitored  by  the 
system  itself,  may  produce  large  positioning 
errors 
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3  When  GPS  is  used  as  a  part  of  GNSS,  the  SA 
error  may  produce  very  significant  positioning 
errors  on  rare  occasions. 

4  Due  to  the  limitation  of  the  GNSS  satellite 
constellation  (dependent  on  the  design  of  the 
system),  the  navigation  service  could  be 
unavailable  for  users  within  view  of  too  few 
satellites  in  normal  operational  status.  More 
frequently,  the  navigation  service  could  be 
significantly  degraded  when  the  satellites  have  a 
poor  geometric  configuration. 

Thus,  one  of  the  key  issues  for  the  GNSS  applications 
is  how  to  monitor  the  system  and  position  solution, 
and  inform  the  user  when  the  derived  position 
accuracy  does  not  satisfy  the  user's  requirements.  This 
is  the  integrity  problem.  A  system  can  be  said  to  have 
'integrity’  if 

With  given  probability  P,  either  the 
position  error  does  not  exceed  a 
prespecified  threshold  R,  or  an 
alarm  is  raised  within  a  time-to- 
alarm  interval  duration  T,  when  the 
position  error  exceeds  the 
prespecified  threshold  R, 

For  any  ’yes-no'  type  decision  making,  there  exist  two 
types  of  errors.  The  first  type  of  error  occurs  when  the 
system  can  be  used,  but  the  decision  criterion  indicates 
that  there  is  a  fault.  This  is  a  False  Alarm  (Type  I 
error).  The  second  type  of  error  occurs  when  the 
system  cannot  be  used,  but  the  decision  criterion  does 
not  indicate  a  problem.  This  is  a  Miss  Detection 
(Type  II  error). 

The  requirements  of  integrity  are  different  for  various 
applications.  They  are  usually  specified  by  four 
quantities:  the  alarm  limit,  the  time-to-alarm,  the 
maximum  false  alarm  rate,  and  the  minimum 
detection  probability  [RTCA  SC-159, 1991]. 

3.2  Integrity  Monitoring  Methods 

Various  methods  for  monitoring  the  integrity  of  GNSS 
have  been  proposed.  Each  method  aims  either  to 
check  whether  an  individual  measurement  error 
exceeds  a  specified  threshold,  or  whether  the  resulting 
position  error  exceeds  a  specified  threshold.  The  latter 
approach  is  more  relevant  to  air  navigation,  since  it  is 
the  output  of  the  positioning  system,  ie  the  aircraft 
coordinates,  which  must  be  checked  against  the 
navigation  accuracy  requirements  during  the  various 
phases  of  flight. 

External  monitoring  of  GNSS  relies  on  one  or  more 
ground  based  systems,  positioned  at  known  locations. 


Individual  satellites  are  then  monitored  by  comparing 
the  measured  pseudoranges  with  those  computed  from 
the  satellite  and  monitor  station  coordinates.  If  a 
measurement  error  exceeds  a  certain  threshold, 
indicating  that  a  satellite  has  failed,  a  warning  is 
relayed  to  users  that  the  satellite  should  not  be  used. 
This  is  a  powerful  approach  to  integrity  monitoring, 
since  the  method  directly  isolates  the  particular 
satellite  which  has  failed.  If  sufficient  healthy 
satellites  are  still  visible  to  the  user,  it  is  still  possible 
to  use  the  system  for  navigation.  However,  this 
approach  is  not  able  to  identify  problems  with  the 
user’s  equipment,  which  may  produce  faulty 
measurements,  or  which  may  yield  a  poor  position 
solution  due  to  masking  of  one  or  more  satellites.  To 
counter  these  possibilities,  it  is  necessary  to  use  a 
monitoring  method  which  relies  on  the  actual 
measurements  used  in  the  positioning  solution. 

Receiver  Autonomous  Integrity  Monitoring  (RAIM)  is 
a  method  applied  by  the  user  to  check  the  consistency 
of  the  measurements  made  from  different  satellites,  to 
estimate  the  quality  of  the  resulting  position.  A 
number  of  different  algorithms  for  RAIM  have  been 
developed,  including  position  comparison,  range 
comparison,  residual  analysis,  and  parity  checking 
methods.  With  proper  selection  of  the  thresholds,  it 
can  be  shown  that  all  these  algorithms  are  basically 
equivalent. 

The  main  drawback  of  RAIM  is  that  it  relies  on 
redundancy  in  the  position  solution  to  detect  and 
isolate  bad  measurements,  ie  it  requires  more  than  the 
navigation  minimum  of  four  satellites.  As  a  result,  it 
is  not  always  possible  to  carry  out  a  RAIM 
computation  if,  for  instance,  the  user  is  at  a  weak  point 
in  the  coverage  of  the  GNSS  constellation,  or  if 
satellites  are  masked  or  lost  during  aircraft 
manoeuvres.  The  power  of  the  RAIM  technique  can 
be  improved  by  adding  in  measurements  from  other 
instruments  on  board  the  aircraft.  The  technique  is 
then  no  longer  Receiver  Autonomous’,  but  'Aircraft 
Autonomous’.  AAIM  can  be  applied  either  by 
comparing  the  position  solution  from  GNSS  with  that 
obtained  by  other  navigation  sensors,  such  as  a 
barometer,  or  an  inertial  navigation  system,  or  by 
integrating  the  raw  measurements  from  each  system 
into  a  single  solution  (with  appropriate  weighting  of 
the  various  measurements). 

3.3  Capability  of  GNSS  to  Provide  RAIM 

Civil  air  navigation  demands  a  very  high  level  of 
integrity  of  GNSS.  To  meet  these  requirements,  there 
must  be  a  method  to  detect,  and  preferably  isolate,  any 
measurement  errors  which  will  cause  significant  errors 
in  the  computed  position.  Receiver  Autonomous 
Integrity  Monitoring  (RAIM),  is  a  method  designed  to 
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be  sensitive  not  only  to  errors  occurring  in  the  GNSS 
system,  but  also  to  those  caused  the  user’s  own 
equipment  and  environment.  The  basic  input  to  a 
RAIM  algorithm  is  the  same  raw  measurements  used 
to  compute  the  user's  position. 

The  ability  of  a  receiver  to  perform  a  RAIM 
calculation  depends  on  the  number  and  geometry  of 
the  satellites  in  view.  Thus,  using  only  the  receiver’s 
coordinates  and  the  predicted  positions  of  the  GNSS 
satellites,  it  is  possible  to  determine  whether  or  not  a 
RAIM  calculation  can  be  performed,  ie  whether  RAIM 
is  ’available’  to  the  user,  as  an  integrity  monitoring 
technique. 

As  part  of  the  suite  of  GNSS  design  and  analysis 
software,  a  program  to  analyse  the  RAIM  availability 
for  any  satellite  constellation  has  been  developed  at  the 
lESSG.  This  section  gives  a  description  of  the  RAIM 
availability  method  and  an  overview  of  the  structure  of 
the  analysis  program.  For  a  given  satellite 
consteUation,  the  RAIM  availability  is  calculated 
within  a  certain  period,  for  either  a  given  location  (eg 
an  airport)  or  a  specified  flight  route.  The  RAIM 
availability  is  calculated  with  respect  to  the  integrity 
requirements  of  a  specified  flight  phase  (the  alarm 
limit,  false  alarm  and  minimum  detection 
probabilities),  and  an  assumed  measurement  noise 
level. 

In  the  following  studies,  a  number  of  scenarios  have 
been  investigated,  based  on  the  requirements  of  an 
aircraft  using  GPS.  Since  the  magnitude  of  a 
’significant’  positioning  error  varies  according  to  the 
required  positioning  accuracy,  a  given  constellation 
may  provide  RAIM  for  one  level  of  accuracy,  while 
not  providing  it  for  a  higher  accuracy  level.  The 
following  studies  have  therefore  investigated  the 
different  phases  of  flight  when  using  GNSS.  The 
studies  have  also  considered  differing  numbers  of 
inoperative  GPS  satellites  out  of  the  full  constellation. 
In  addition,  the  augmentation  of  the  GPS  solution  with 
additional  sources  of  measurements  has  also  been 
investigated. 

The  RAM  availability  for  the  different  satellite 
constellations  discussed  in  §2.4  has  been  investigated 
on  a  global  grid  (5®x5®).  The  satellite  constellations 
considered  here  are  GPS  only  and  GPS  with  4 
Inmarsat  geostationary  satellites,  GPS  plus  GLONASS 
and  30  MEO  with  6  geostationary  satellites. 

3.3.1  RAIM  Availability  Analysis  of  GNSS 

Due  to  the  inadequacy  of  coverage  and  integrity  of 
GPS,  different  systems  have  been  proposed  to  augment 


or  replace  GPS  to  form  a  new  GNSS  system  and  the 
coverage  for  various  systems  has  been  analysed  in 
§2.4.  In  this  section,  the  RAM  availability  of  these 
systems  is  analysed  and  compared.  The  satellite 
constellations  considered  in  this  analysis  include  GPS, 
GPS  and  4  Inmarsat-3  satellites,  GPS  and  GLONASS, 
and  30  medium  earth  orbit  (MEO)  satellites  plus  6 
geostationary  satellites.  Again,  this  investigation 
concentrates  on  the  three  flight  phases  of  en-route, 
terminal,  and  non-precision  approach  phases. 

The  RAM  availabilities  are  calculated  based  on  a 
global  coverage,  with  a  5^x5^  grid  cell.  The  elevation 
cut-off  angle  of  7.5^  is  adopted  for  all  the 
constellations.  A  test  period  of  24  hours  and  a  sample 
rate  of  5  min  have  again  been  adopted  in  the  analysis. 

Figure  3.1  shows  the  geographic  distributions  of  the 
RAM  availability  for  all  three  flight  phases  with  the 
24  GPS  satellite  constellation.  A  GPS  pseudorange 
error  of  33  m  has  been  adopted  in  the  tests.  It  can  be 
seen  that  for  the  en-route  phase  (figure  3.1a)  the 
RAIM  availabOity  is  over  99%  for  most  areas.  At  the 
poles  and  in  low  latitude  regions  (close  to  the  equator), 
RAM  is  available  100%  of  the  time  (which  is  shown 
in  the  figure  for  above  99.8%,  because  with  a  5  min 
sample  rate  the  resolution  is  0.3%),  while  in  the  mid¬ 
latitude  areas  RAM  availability  is  slightly  worse  and 
in  some  small  regions  RAIM  availability  is  between  98 
and  99%.  RAM  availability  for  the  terminal  phase 
(figure  3.1b)  is  generally  worse  than  that  of  the  en- 
route  phase,  but  is  still  above  99%  in  most  areas.  In 
some  small  regions  in  mid-latitudes,  RAM 
availability  is  reduced  to  just  above  95%.  The  RAM 
availability  for  the  non-precision  approach  phase  is 
much  worse  (figure  3.1c).  It  is  below  95%  for  most 
mid-latitude  areas. 

The  maximum  RAM  outage  interval  of  the  GPS 
constellation  for  the  non-precision  approach  phase 
results  in  most  regions  where  RAM  can  be 
continuously  unavailable  for  10  to  30  min.  There  are 
two  bands  in  mid-latitude  where  RAM  can  be 
continuously  unavailable  for  30  to  60  min  (or  even 
over  1  hour  in  some  small  regions). 

Figure  3.2  shows  the  RAM  availability  of  the  non¬ 
precision  approach  phase  for  the  constellation  of  GPS 
and  4  Inmarsat  satellites.  In  this  test,  a  pseudorange 
measurement  error  of  5  m  is  adopted  for  both  GPS  and 
Inmarsat  satellites,  which  requires  that  the  differential 
corrections  are  transmitted  to  the  user  as  well.  It  can 
be  seen  that  apart  from  a  few  small  regions  (where 
RAM  is  still  available  more  than  99%),  RAM  is 
available  100%  in  the  most  areas  of  the  world. 
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Figure  -  3.2 

RAEM  availability  for  GPS  +  4  Inmarsat  (non-precision  Approach) 


Figure  -  3.3 

RAIM  availability  for  GPS  +  GLONASS  (non-precision  Approach) 


0  50  100  150  200  250  300  350 

Figure  -  3.5  -  RAIM  avaiiability  for  30  MEO  +  6  GEO  (non-precision  Approach) 


measurement  errors  have  been  set  to  33m  and  5  m 
respectively,  due  to  the  fact  that  GLONASS 
measurements  have  no  SA  errors  in  them.  Apart  from 
two  spots,  RAIM  is  available  100%  of  the  time  even 


Combining  GPS  and  GLONASS,  the  RAIM 
availability  can  be  further  improved  (as  shown  in 
figure  3.3).  In  this  test,  the  GPS  and  GLONASS 
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for  the  non-precision  approach  phase.Figure  3.5  gives 
the  RAIM  availability  distributions  of  the  non¬ 
precision  approach  phase  for  the  constellation  of  30 
medium  earth  orbit  (MEO)  satellites  and  6 
geostationary  satellites.  In  this  test,  a  measurement 


4  CONCLUSIONS 

This  paper  has  addressed  the  three  major  areas  of 
GNSS  constellation  design  namely,  satellite 
availability,  coverage,  system  integrity  and  cost.  It  has 
been  shown  that  GPS  on  its  own  does  not  satisfy  the 
requirements  for  sole  means  navigation.  The  two 
main  techniques  for  integrity  monitoring  namely 
RAM  and  GIC  together  with  their  derivatives  have 
also  been  discussed.  It  is  argued  that  for  robust 
integrity  provision  the  two  techniques  should  be  used 
in  parallel. 

The  problems  of  the  lack  of  satellite  availability  can  be 
overcome  to  some  extent  by  augmentation  with  other 
satellite  systems  such  as  Inmarsat  geostationary 
communication  satellites.  The  best  situation  however, 
is  obtained  when  GPS  is  augmented  with  GLONASS. 
In  the  case  of  total  replacement  of  the  current 
positioning  systems,  it  has  also  been  shown  that  the 
solution  may  lie  on  satellites  in  medium  earth  oibits 
augmented  appropriately  with  geostationary  satellites. 
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ABSTRACT 

Many  experiments  have  been  undertaken  and  are 
currently  underway  to  assess  the  feasibility  of  using 
the  Global  Positioning  System  (GPS)  to  provide 
precision  approach  and  landing  services.  Most  of 
these  trials  have  been  limited  to  theoretical  analysis 
and  tests  carried  out  under  experimental  conditions. 
Although  such  evaluations  can  demonstrate  system 
capabilities  under  specific  conditions,  they  provide  no 
guarantee  of  a  systems  performance  in  a  continuous 
real  time  operational  environment.  The  assessment  of 
the  use  of  GPS  for  precision  approach  services 
requires  a  constructive  step  by  step  approach  under 
revenue  service  operational  conditions.  Project 
Heathrow  has  been  specifically  implemented  to  satisfy 
this  requirement.  The  project  is  a  co-operative  venture 
between  the  National  Air  Traffic  services  (NATS)  and 
British  Airways  and  has  been  designed  to  provide  a 
direct  revenue  service  comparison  between  the 
Instrument  Landing  System  (ILS),  Microwave 
Landing  System  (MLS)  and  Differential  GPS  systems 
installed  at  London's  Heathrow  Airport. 


BACKGROUND 

The  ILS  has  successfully  served  the  aviation 
community  for  over  fifty  years.  Today,  the  system  is 
capable  of  providing  precision  guidance  down  to 
Category  IIIB  minima,  that  is  zero  decision  height  and 
75  metres  (see  to  taxi)  runway  visual  range.  In  Europe 
the  low  cloud  bases  and  adverse  weather  conditions 
dictate  a  business  requirement  for  these  high  levels  of 
ILS  operations.  In  fact  of  all  Category  II  and  III 
operations  world-Avide,  over  85  percent  are  carried  out 
vdthin  the  European  Region.  However,  this 
operational  performance  of  the  ILS  can  no  longer  be 
guaranteed  for  the  foreseeable  fiiture  because  of  a 
number  of  factors  which  are  inherent  in  the  system 
design.  These  include  the  systems  susceptibility  to 
multipath  interference  from  airport  buildings  and 
aircraft  movements  within  the  beam  coverage,  the 
limitation  of  operational  channels  and  finally  the 
increasing  threat  from  FM  broadcast  interference 
which  has  already  forced  some  airports  to  reduce  their 
operating  limits. 

In  view  of  these  shortcomings,  ICAO  developed  and 
adopted  the  MLS  to  replace  ILS  by  the  turn  of  the 
century.  Until  now  progress  on  the  ILS/MLS 
transition  plan  has  been  relatively  slow.  Member  states 
are  reluctant  to  install  MLS  in  view  of  advances  in 
satellite  technology  and  the  possibility  of  achieving  a 
precision  approach  guidance  capability  using  the 
United  States  GPS  and/or  the  Russian  GLONASS. 
Most  of  the  assessment  work  on  the  use  of  satellites  for 
precision  guidance  has  been  concentrated  on  the  use  of 
GPS  because  GLONASS  receivers  have  been 
unavailable.  In  order  to  further  assess  the  use  the  GPS 
during  the  final  approach  and  landing  segments  of 
flight,  more  comprehensive  studies  are  required  which 
takes  the  operational  requirements  and  limitations  into 
account. 
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Figure  1.  Project  Heathrow  -  DGPS  Evaluation 


PROJECT  SET-UP 

The  Project  Heathrow  evaluation  is  primarily  a  data 
collection  exercise,  the  initial  results  of  which  were 
presented  to  the  ICAO  world-wide  divisional  meeting 
in  March  this  year.  The  DGPS  set-up  currently  being 
used  for  Project  Heathrow  is  based  on  a  12  channel 
GPS  receiver.  The  unit  is  built  to  ARINC  743 A 
standards  and  represents  equipment  specified  and 
currently  available  for  commercial  aviation.  The 
aircraft  being  used  in  the  evaluation  is  a  British 
Airways  Boeing  767  fitted  with  a  dual  DGPS  and 
MLS  test  installation  in  addition  to  the  existing  dual 
Category  Illb  ILS  configuration.  All  relevant 
parameters  output  from  each  of  the  test  units  are 
recorded  for  detailed  analysis  along  with  data  from  the 
operational  ILS  and  other  navigation  systems  onboard 
the  aircraft.  A  specially  midified  Optical  Quick  access 
recorder  is  used  to  store  the  large  amounts  of  data 
collected  during  each  approach.  Figure  2  illustrates 
the  configuration  of  the  airborne  installation. 

The  ground  element  of  the  project  consists  of  a 
Category  III  ILS,  an  evaluation  MLS  and  the  DGPS 


ground  station  on  runway  27R  at  Heathrow.  The 
satellite  differential  corrections  are  transmitted  via  the 
MLS  auxiliary  data  channel  to  the  aircraft.  Various 
studies  including  recent  technical  analysis  by  the 
ICAO  All  Weather  Operations  Panel  (AWOP)  have 
suggested  the  C-band  datalink  to  be  the  most  suitable 
for  the  transmission  of  DGPS  data  in  the  final 
approach  environment.  The  MLS  C-band  datalink 
provides  an  ICAO  standardised  high  integrity  protocol 
for  the  transmission  of  digital  information  and  its 
potential  to  provide  an  uplink  for  satellite  corrections 
is  being  assessed  during  the  project. 

An  independent  automatic  photographic  truth  system, 
remotely  triggered  by  the  aircraft,  is  being  used  to 
provide  position  information  to  an  order  of  accuracy 
better  than  that  of  the  ILS.  Information  from  this 
system  is  used  during  the  data  analysis  to  provide  a 
truth  reference  for  all  three  of  the  systems  being 
evaluated.  Figure  1  shows  an  overview  for  the  DGPS 
evaluation  system  at  Heathrow. 


Figure  2.  Airborne  Architecture 


INITIAL  RESULTS 

Analysis  of  the  results  is  currently  undertaken  in  three 
stages  for  every  approach  to  runway  27R  by  the 
aircraft. 

•  The  first  stage,  undertaken  by  British  Airways, 
provides  an  overall  assessment  of  the  operational 
performance  of  all  three  systems. 

•  The  second  stage  is  performed  by  UK  NATS  and 
converts  the  output  of  the  GPS  to  a  ILS  look-alike 
signal.  This  allows  for  direct  comparison  between 
the  recorded  MLS  (which  already  has  an  ILS 
look-alike  output),  ILS  and  DGPS.  Data  from  the 
independent  truth  system  is  additionally  used  at 
this  stage  to  provide  an  assessment  of  the  accuracy 
achievable  using  GPS  in  revenue  service 
applications.  Work  undertaken  here  will 
determine  processing  requirements  for  the  raw 
GPS  output  and  will  hence  aid  in  the  development 
of  the  Multi-Mode  Receiver  (MMR). 

•  The  final  stage  of  analysis  is  performed  by  the  UK 
Defence  Research  Agency  (DRA).  Here,  in-depth 
analysis  is  carried  out  to  assess  the  performance  of 


the  DGPS  system  during  each  approach.  The 
performance  of  the  complex  algorithms  used  is 
checked  against  data  available  from  the  satellites 
at  the  time  to  provide  a  detailed  account  of  the 
achievable  performance  of  a  DGPS  system  in  an 
operational  environment. 

By  the  very  nature  of  the  evaluation,  changes  to  the 
equipment  configuration  (airborne  and  ground)  are 
dictated  by  the  results  obtained.  Changes  made  to  the 
overall  set-up  provide  an  iterative  account  on  the 
performance  of  DGPS. 

Figure  3  shows  ILS,  MLS  and  DGPS  angular 
deviations  for  one  of  the  approaches  into  Heathrow.  To 
obtain  such  deviations  from  a  DGPS  position,  the 
latitude,  longitude  and  altitude  of  the  aircraft  and 
ground  reference  point  were  first  converted  to  Earth 
Centred,  Earth  Fixed  Cartesian  co-ordinates  using  the 
WGS-84  Earth  spherical  model.  The  position  of  the 
aircraft  in  these  co-ordinates  was  then  transferred  to  a 
East-North-Up  system  centred  on  the  reference  point. 
A  rotation  was  then  added  to  align  the  x-axis  of  this 
right-handed  system  along  the  reciprocal  of  the 
runway  heading. 


475 


Approach  to  Heathrow  Runway  27  R 


Figure  3.  ILS,  MLS  and  DGPS  localiser  deviation  comparisons 


FURTHER  DEVELOPMENTS 

The  requirements  of  integrity,  accuracy,  continuity  of 
service  and  availability  for  all  weather  operations  are 
very  stringent.  It  is  appreciated  that  the  current 
technology  available  for  commercial  aviation  would 
require  the  resolution  of  many  technical  issues  before 
it  could  be  considered  for  use  as  an  alternative  to  ILS. 
It  is  however  recognised  that  the  technology  available 
for  GPS  is  moving  forward  all  the  time.  The 
equipment  set-up  used  in  this  evaluation  will  thus  be 
upgraded  as  such  improved  technology  becomes 
available. 

Apart  from  the  assessment  of  DGPS  performance. 
Project  Heathrow  is  actively  involved  with  the 
development  of  concepts  to  aid  the  implementation 
and  use  of  a  future  GNSS.  Two  areas  that  are 
currently  being  investigated  are  (1)  Choice  of  Local 
Area  Datalinks  and  (2)  Extension  to  the  En-route 
Environment. 


THE  CHOICE  OF  DATALINK 

An  underlying  issue  for  implementation  and  use  of  a 
GNSS  during  the  approach  and  landing  phases  of 
flight  is  the  choice  of  datalink  used  to  uplink  satellite 
differential  correction  and  integrity  messages  to  the 
aircraft.  Numerous  RF  modulation  schemes  have  been 
proposed  and  assessed  for  this  application  including 
VHP,  L-band,  C-band  and  TDMA  based  datalinks. 


also  to  the  use  of  different  technologies  within  the 
global  augmentation.  With  respect,  to  the  issue  of 
datalink  interoperability,  the  key  is  a  common  datalink 
message  format.  This  would  then  allow  the  use  of 
datalink  technologies  which  are  most  suited  for  the 
region  and  the  particular  operation. 

The  choice  of  datalink  for  future  GNSS  applications 
will  be  dependent  on  various  factors  including 
spectrum  availability,  interference  resistance  and  user 
implementation  costs.  Table  1  below  summarises  the 
desirable  characteristics  of  a  GNSS  datalink  and 
indicates  whether  or  not  the  proposed  datalink  formats 
possess  the  characteristics. 

Use  of  a  VHF  frequency  to  uplink  corrections  for 
future  GNSS  application  shows  promise.  However, 
there  are  several  important  factors  which  need 
resolution  before  the  application  can  be  implemented. 
The  VHF  datalink  may  use  the  108-118  MHz 
frequency  band  by  utilising  any  unused  ILS  and  VOR 
frequencies,  or  the  118-137  MHz  communications 
band.  The  VHF  spectrum,  particularly  towards  the 
lower  frequency  end  is  susceptible  to  interference  from 
FM  radio  broadcasting.  The  potential  effect  of  such 
interference  on  a  DPSK  data  message  requires  further 
evaluation.  Other  factors  which  need  to  be  addressed 
include  VHF  spectrum  congestion,  which  is  of 
particular  concern  in  the  European  region,  and 
transmission  capabilities  for  safety  critical  and  time 
critical  data. 

Mode  S  was  designed  for  secondary  surveillance  radar 
operations  and  includes  a  1090  MHz  downlink  and  a 
1030  MHz  ground  station  uplink  to  the  aircraft.  In  a 
Mode-S/GNSS  configuration,  the  differential  and 


The  implementation  of  a  GNSS  should  facilitate 
maximum  interoperability.  Not  only  should  this  be 
applicable  to  the  different  categories  of  approach  but 
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supporting  operational  data  would  be  time  multiplexed  violate  the  desired  partitioning  between  navigation, 

with  the  other  data  already  existing  on  the  datalink.  communications  and  surveillance  during  flight 

The  Mode-S  does  not  currently  posses  the  operations  in  the  terminal  environment, 

requirements  for  a  safety  critical  datalink  and  would 
not  be  able  to  do  so  without  a  major  system  upgrade. 

Its  u§e  as  a  source  for  a  GNSS  datalink  would  also 


Desirable  Characteristics 

Mode-S 

L-Band 

Pseudolite 

VHP 

C-Band 

Technical  Peasibility 

Sufficient  Number  of  Channels 

No 

No 

Yes 

Bandwidth/Data  Rate 

No 

Yes 

Interference  Resistance 

Maybe 

No 

No 

No 

Yes 

Available  Prequency  Spectrum 

Yes 

No 

Yes 

Interoperable  for  all  categories  of  approach 
services 

No 

Maybe 

Yes 

Maybe 

Yes 

Past  track  ICAO  SARPS  for  approach 
services 

No 

No 

No 

No 

Yes 

On- Airport  siting 

Yes 

Yes 

Yes 

Yes 

Yes 

Designed  for  safety  critical  applications 

DO-178B/ED-12B 

No 

No 

No 

No 

Yes 

DO-160C/ED-14C 

No 

No 

No 

No 

Meets  Integrity,  Continuity  and  Availability 

No 

No 

No 

No 

t— 

Standard  Aircraft  Polling  (Duplex/Triplex) 

No 

No 

No 

No 

Yes 

Designed  for  360“  aircraft  coverage 

Yes 

Yes 

Yes 

Yes 

Yes 

Maintains  CNS  functional  partitions 

No 

Yes 

Yes 

Easily  included  in  MMR  architecture 

No 

Yes 

Yes 

Yes 

Yes 

Low  costs  for  operators  and  users 

No 

No 

Yes 

Yes 

Table  1.  Desirable  characteristics  for  a  GNSS  datalink 


developed  by  regions  which  do  not  envisage  a  shortage 
of  VHP  channels  and  corresponding  interference 
problems.  On  the  other  hand,  regions  which  do  expect 
problems  with  VHP  channel  congestion  may  adopt  the 
C-band  datalink  which  is  proven  technology  and 
provides  an  ICAO  approved  protocol  for  early 
implementation 

In  order  to  maintain  interoperability  onboard  the 
aircraft,  the  method  by  which  an  RP  receiver  translates 
the  serial  data  from  the  data  link  transmission  medium 
into  ARINC  words  for  translation  by  the  GNSS 
receiver  should  be  independent  of  the  RP  modulation 
scheme  or  the  system  used  to  uplink  the  message  form 
the  ground  to  the  aircraft.  Appendix  A  of  Draft  5  of 
Supplement  to  ARINC  characteristic  743A  (MOPS  for 
GNSS  Sensor)  proposes  a  suitable  physical  layer 
interface  for  this  requirement,  summarised  as  follows: 

The  ARINC  429  broadcast  protocol 
is  independent  of  the  data  link  used 
to  uplink  the  differential  message 
and  utilises  two  ARINC  429  labels  to 


All 


An  L-band  datalink  concept  would  also  require 
significant  development  if  it  is  to  be  considered  for  a 
safety  critical  application.  Needless  to  say,  any  L-band 
datalink  must  not  interfere  with  the  GNSS  L-band 
transmissions  and  care  must  be  taken  that  the  datalink 
is  not  susceptible  to  other  potential  interference 
sources  in  the  band  such  as  JTIDS,  DME  and 
TACAN.  An  attraction  of  this  architecture  would  be 
its  near  uniform  L-band  front  end  which  would 
simplify  future  receiver  designs. 

Currently  only  the  C-band  datalink  can  meet  all  the 
requirements  for  a  GNSS  datalink.  This  characteristic 
is  achieved  because  the  C-band  datalink  protocol  was 
developed  as  part  of  the  MLS  function  and  therefore 
provides  an  ICAO  standardised  datalink  function  for 
all  categories  of  operation.  The  concept  now  needs  to 
be  further  demonstrated  as  a  stand  alone  GNSS 
datalink  function. 

Puture  developments  may  lead  to  a  combination  of  RP 
modulation  schemes  adopted  for  GNSS  datalink 
applications.  VHP  GNSS  datalinks  may  be  further 


send  a  message  block.  The  message 
block  transfer  begins  with  a  label 
045  followed  by  the  transmission  of 
repeating  label  046  until  the  end  of 
the  data  block.  Label  045  designates 
the  start  of  a  broadcast  message  and 
contains  the  length  of  the 
application  data  which  follows  in 
terms  of  the  number  of  ARINC  (16 
bits)  which  follow. 

It  is  likely  that  this  methodology  will  be  accepted  by 
the  AEEC  for  the  ARINC  743A  MOPS  and  also  for 
the  ARINC  755  (Multi-Mode  Receiver)  MOPS. 

In  view  of  the  above,  there  is  a  requirement  to  have  a 
common  datalink  message  format  which  could  be 


uplinked  to  the  aircraft  irrespective  of  the  RF 
modulation  scheme  employed  by  the  datalink. 
Currently  the  only  message  format  for  differential 
applications  is  defined  in  the  Minimum  Aviation 
Performance  Standards  for  the  Special  Category  I 
(SCAT-1)  Instrument  Approach  System  (RTCA/DO- 
217).  This  format  now  needs  to  be  extended  or 
redefined  so  it  is  applicable  and  interoperable  with 
other  categories  of  operations.  Once  a  standard  GNSS 
differential  message  format  is  agreed,  it  could  be  used 
irrespective  of  the  datalink  employed  for  the  particular 
application.  Figure  4  provides  an  overview  of  the 
requirements. 


AIRBORNE 

ELEMENT 


GROUND 

ELEMENT 


Figure  4.  GNSS  Datalink  Interoperability. 


Project  Heathrow  is  currently  being  extended  to 
include  a  revenue  service  DGPS  data  collection 
exercise  between  Heathrow  and  Munich.  The 
evaluation  will  use  both  the  C-band  and  VHP 
Hatalinks  to  uplink  the  differential  corrections  and 
work  is  currently  being  undertaken  to  devise  a 
common  message  format  for  the  datalinks. 


EXTENSION  TO  THE  EN-ROUTE  PHASE 

An  extension  to  Project  Heathrow  aims  to  investigate 
the  application  of  satellite  navigation  systems  in  the 
en-route  environment  where  it  has  the  potential  to  give 
valuable  benefits  to  users  and  civil  authorities.  The 
extension  is  being  carried  out  in  collaboration  with 
Siemens  Plessey  Systems,  Racal  Electronics  and  Roke 
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Manor  Research  and  the  existing  Project  Heathrow 
participants.  This  extension  involves  the  use  of  a 
regional  area  GPS  monitoring  network  and  is  the 
subject  of  another  paper  to  be  presented  at  this 
conference. 


PROJECT  ABERDEEN 

The  technology  available  for  DGPS  ground  systems 
and  airborne  receivers  is  moving  forward.  It  has  been 
identified  that  the  static  receiver  is  highly  susceptible 
to  multi-path  interference  which  might  prove  to  be  a 
problem  for  differential  ground  stations.  The  narrow 
correlator  receiver  has  been  shown  to  reduce  multi- 
path  errors  and  further  multi-path  eliminating 
techniques  using  advanced  software  are  being 
developed.  Project  Aberdeen  was  carried  out  by 
NATS  to  complement  Project  Heathrow  by 
investigating  the  advantages  to  be  gained  by  using  new 
receiver  technologies  and  careful  antenna  site  selection 
to  reduce  multi-path  errors  at  the  differential  ground 
station. 

At  Aberdeen  airport  an  MLS  transmitter  was  installed 
and  modified  to  transmit  differential  GPS  corrections 
using  the  C-Band  data  link  as  is  done  at  Heathrow. 
The  DGPS  ground  station  is  based  around  the  latest 
receivers  using  narrow  correllator  technology.  The 
antenna  has  been  placed  on  the  ground  in  a  clear  site 
to  avoid  multi-path  interference.  The  antenna  site  was 
carefully  selected  after  performing  a  multi-path  survey 
of  the  area. 

The  airborne  equipment  consisted  of  an  MLS  receiver 
designed  to  ARINC  727  standards  that  is  capable  of 
decoding  the  differential  corrections  and  output  them 
as  ARINC  429  labels  for  the  GPS  receiver  to  use.  The 
airborne  GPS  system  also  uses  the  narrow  correlator 
receiver. 

Results 

A  series  of  flight  tests  were  carried  out  in  December 
94  with  the  main  objective  of  evaluating  the 
performance  of  the  high  integrity  data-link  which 
looks  very  promising  for  the  transmission  of 
differential  GPS  corrections.  Carrier  phase  data  was 
recorded  on  the  aircraft  and  at  the  ground  station  to 
allow  for  post  processing  to  give  a  truth  reference  with 
centimetre  level  accuracy.  During  most  of  the 
approaches  sub-meter  position  accuracies  were 
achieved  on  the  aircraft  but  there  were  a  small  number 
of  anomalies  noticed  during  aircraft  dynamics. 
During  dynamic  maneuvres  excursions  exceeding  ±lm 
from  the  true  position  were  apparent.  This  was  later 
identified  as  a  receiver  software  problem  in  the 
implementation  of  carrier  aiding  of  the  code  tracking 
loop.  The  receiver  manufacturer  assures  us  that  this 


problem  has  been  resolved  and  does  not  exist  in  the 
new  version  of  their  receiver. 

These  high  accuracies  were  achieved,  in  part,  by 
careful  selection  of  the  ground  antenna  site.  The 
antenna  was  placed  flat  on  the  ground  away  from 
buildings  and  other  obstructions  and  a  1  sigma 
multipath  error  of  approximately  10cm  was  obtained. 
At  a  poor  site  multi-path  errors  of  many  meters  could 
theoretically  be  introduced  into  individual  pseudrange 
measurements  resulting  in  a  significant  error  in 
computed  position.  For  a  receiver  with  a  standard 
correlator  the  errors  could  be  many  times  more  than 
this.  Multi-path  errors  cannot  be  removed  by  the  use 
of  differential  techniques.  It  has  been  found  that  the 
location  of  the  ground  station  antenna  is  critical  to  the 
entire  system  performance  and  must  be  very  carefully 
surveyed  for  multi-path.  The  area  around  the  antenna 
must  be  protected  from  future  developments. 
Antennas  mounted  on  poles  or  buildings  are 
vulnerable  from  ground  reflections  which  may  cause 
significant  multi-path  interference. 

Initial  indications  show  the  levels  of  accuracy  achieved 
using  such  a  system  can  meet  Cat  1  precision 
approach  accuracy  requirements.  However,  there  is 
still  the  question  of  meeting  the  other  RNP  parameters 
such  as  availability,  integrity  and  continuity  of  service. 

Further  trials  with  this  DGPS  system  are  scheduled  to 
be  carried  out  later  this  year  at  Boscombe  Down 
Airfield. 


CONCLUSIONS 

This  paper  has  described  projects  currently  underway 
at  UK  airports.  The  type  of  step  by  step  qualitative 
assessment  of  the  performance  of  DGPS  as  being  done 
at  Heathrow  is  what  is  now  required  to  continue  to 
assess  the  application  of  GPS  in  precision  approach 
services.  To  date,  all  evaluations  undertaken  to  assess 
the  feasibility  of  the  concept  have  been  conducted 
under  experimental  conditions.  Attempts  have  been 
made  to  perform  more  comprehensive  studies, 
however,  many  problems  have  been  encountered 
during  these  projects,  the  problems  caused  being 
indicative  of  the  equipment  being  immature.  Unlike 
those  projects,  this  evaluation  is  intended  to  run  over  a 
long  period  of  time,  allowing  the  full  range  of 
operational  conditions  to  be  examined  and  subsequent 
development  implemented  where  necessary.  The 
‘  results  will  enable  performance  statistics  on  the  use  of 
GPS  under  operational  conditions  to  be  determined 
and  also  be  used  in  the  development  of  standards  for 
the  Multi-Mode  receiver  (MMR),  which  is  seen  to 
provide  optimum  flexibility  and  minimise  retrofit 
effort  during  the  transition  from  ILS. 
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ABSTRACT 

The  subject  of  this  paper  is  the  control  and  tracking 
of  vehicles  that  are  Over  The  Horizon  (OTH)  and 
maintain  positional  accuracies  of  less  than  8  meters 
by  using  a  floating  differential  GPS  "All-in-view" 
Reference  Receivers.  Various  existing  methods  that 
are  in  different  stages  of  development/implementation 
that  can  solve  part  of  the  problem  are  the  Extended 
Differential  GPS,  Coast  Guard  Harbor  control.  Wide 
Area  Differential  GPS  (WDGPS)  and  Radio  Data 
System{RDS).  They  all  use  networks  of  differential 
and/or  monitor  stations  and  FM  radio  station 
subcarriers  to  augment  the  differential  solutions  and 
require  monitor  and/or  ground  network  stations  to 
function  properly.  The  situation  that  will  be  discussed 
in  this  paper  involves  remotely  controlled  vehicles  all 
OTH  with  no  terrestrial  base  station  Line  of  Site 
(LOS).  The  vehicles  can  be  air,  ground,  sea  vehicles 
or  combinations  of  each.  The  remote  vehicles  of 
course  must  be  controlled  and  tracked  from  a  Master 
Ground  Station  (MGS)  and  the  Vehicle  Control 
Commands  and  Time  Space  Position  Information 
(TSPI)  must  be  passed  (datalinked)  to  and  from  the 
vehicles  under  control.  It  is  defined,  for  this  paper, 
that  all  OTH  vehicles  fall  into  the  category  of  there  is 
no  LOS  between  the  OTH  vehicle  and  the  MGS.  This 
could  be  a  vehicle  hundreds  of  nautical  miles  from 
the  MGS  at  some  altitude  or  it  could  be  a  vehicle  in 


close  proximity  of  the  MGS,  but  because  of  the 
terrain  no  LOS  is  possible.  In  both  situations,  the 
OTH  vehicle  will  need  a  relay  to  transmit  and  receive 
the  appropriate  differential  and  trajectory  control 
information.  This  is  illustrated  in  Figure  1 . 


Figure  1 .  FDGPS  Environment 


DEFINITION 

The  floating  Differential  GPS  (FDGPS)  proposed,  is 
defined  that  each  vehicle  contains  an  “all-in-view” 
differential  GPS  and  can  be  utilized  as  a  Reference 
Receiver. 

PRINCIPLE  OF  OPERATION 

The  following  description  will  provide  the  functionality 
of  a  floating  DGPS.  At  the  MGS,  the  reference 
receiver,  a  DGPS  (5-12  ‘all-in-view'  channel 
receiver),  is  surveyed,  and  the  differential  processing 
is  carried  out.  The  appropriate  pseudorange, 
pseudorange  rate,  and  ephemeris  data  is  transmitted 
via  datalink  to  the  LOS  vehicles.  These  LOS  vehicles 
will  then  use  this  information  to  calculate  its  corrected 
position.  The  differential  calculations  accomplished 
on  the  LOS  vehicle  will  now  allow  it  to  become  a 
Reference  Receiver  for  other  OTH  vehicles,  which 
are  in  LOS  of  the  “reference"  vehicle.  This 
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“reference”  vehicle  will  now  become  a  relay.  The 
“reference”  vehicle  will  now  transmit  the  same 
correction  information  that  the  MGS  Reference 
Receiver  did,  along  with  any  additional  pseudorange 
corrections  acquired,  but  to  a  new  OTH  audience. 
The  major  item  is  that  the  same  four  Satellite 
Vehicles  (SVs)  must  be  used  in  the  calculation  of  the 
differential  data.  However  if  the  OTH  vehicle  can  use 
the  information  from  any  of  the  ‘all-in-view’  Satellite 
Vehicles  (SVs)  that  the  MGS  was  viewing,  the  OTH 
vehicle  will  calculate  its  differential  information  using 
both  the  MGS  Reference  Receiver  data  and  the 
"reference"  vehicle  data.  The  OTH  vehicle  will  then 
calculate  its  differential  position  and  will  become  a 
“reference”  vehicle  for  other  OTH  vehicles.  The  LOS 
vehicle  and  all  of  the  OTH  vehicles  must  datalink  the 
appropriate  position  and  velocity  information  back  to 
the  MGS  for  its  processing  of  control  functions  and 
tracking  of  the  vehicles.  There  can  be  a  series  of 
OTH  vehicles  which  can  expand  the  differential 
processing  over  many  relays,  and  in  turn  many  miles. 

The  remainder  of  this  paper  will  depict  the  analysis, 
development,  and  generation  of  error  equations  used 
to  illustrate  the  propagation  of  position  errors  as  a 
function  of  the  number  of  relays,  GDOP,  pseudo¬ 
range,  and  other  related  errors. 

Basic  Pseudoranqe  Equations 

The  first  item  is  to  identify  the  standard  pseudorange 
and  pseudorange  rate  equations.  The  basic 
equations.  References  9  (  pg  9)  and  reference  8 
(pgs  305-310)  for  the  navigation  equations  and 
Pseudorange  (Pf,)  equations. 

The  basic  pseudorange  equation  is  given  by: 

Pfl  =[(X„-Xj2  +  (y^-yj2  +  (Z„-Zj2]2  _ 
where 

I  (  x„  -  X,  )  2  +  (  y^  -  yj  2  +  (  ^  J  2  j  2 

is  the  true  range 

y  v  7  =  user  coordinates 

Y  V  7  =  Satellite  Vehicle  (SV)  coordinates 
=  all  errors 


The  time  error  is  defined  in  ICD-GPS-200  (pg  72)  and 
is  expressed  as  cAf,  where  c  is  the  speed  of  light  and 
Af  is  the  time  error.  The  remaining  element  (a  Sp), 
which  represents  the  remaining  errors  is  given  as: 


,  ,/  O  */\J 

®  ~  I  (  ®x  ) 


/  " 
( 


1 

2 


Where: 

u 

^x.y.z 


the  position,  measurement. 

Quantization,  etc.  error 
associated  with  the 
coordinate  system  for  the 
user. 


the  position,  measurement, 

^x,y,z  ~ 

Quantization,  etc.  error 
associated  with  the 
coordinate  system  for  the 
satellite  vehicle.  The 
subscribe  ( i )  represents 
the  number  of  satellites 
being  tracked/measured. 

Then  it  follows  that  the  pseudorange  equation  for 
each  tracked/measured  Satellite  is  given  by: 

P/?,=  Pflr"  cAf-SCp 


The  Pseudorange  Rate  equation  becomes  more 
involved  with  the  error  function  having  three 
different  element  plus  the  time  error  function  (ca  t ). 

The  three  elements  are: 

position  error  contribution 

p^  velocity  error  contribution 

p*  second  order  error  contribution 

The  true  pseudorange  rate  with  the  time  error 
included  is  given  as: 


+  c  A/  = 

( ( Xy  -  x,^)  ■*■  ( Xi/ "  y*,)  ( Xu  “  y$,)  ■•■  ( ^1/  ~  ( ^1/  “ 

PRt 

The  error  contributed  as  a  function  of  position  is 
given  by: 


( -  .:>)  ( X."  -  M «;  -  «t')  ( j!’.“  -  y/')  -  ( »;  -  )  ( j."  - 


The  error  term  £„  can  be  separated  into  two 
elements,  the  error  due  to  time  and  all  other  errors. 
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fRr  * 


The  error  contributed  as  a  function  of  velocity  is 
given  by: 

(X,  -X^)  ( -  y.,)  (  ~ 


With  these  ground  rules  set  and  the  first  level  user 
will  be  receiving  the  pseudorange  corrections,  the 
method  of  establishing  the  first  level  user  as  a 
Reference  Receiver  is  described  in  the  following 
manner. 


The  error  contributed  by  second  order  terms  is 
given  by: 


These  equations  can  be  presented  as  the  following 
and  are  calculated  for  each  tracked/measured  SV. 

Prt,=  PA*PA,.  +  P/),.  P/t,p 


First  Level  User 

The  measurement  of  pseudorange  as  defined  above 
is  p„,=c(f^-fr*)  and  the  corrected  pseudorange  is 
given  as: 

Per  Pm,-Ap/ 


Now  the  solution  for  the  user  position  can  be  carried 
out  utilizing  the  equations  defined  earlier.  The 
solution  will  result  in  a  x,  y,  and  z  position.  As  was 
accomplished  earlier,  the  true  position  is  viewed 
separate  from  the  error  element  and  is  viewed  as 


The  method  of  measurement  can  be  illustrated  by 
the  following  (Reference  8,  pg  310); 

Pm,  “  ^  ^  Olx  ' 

where 

c  =  speed  of  light 

=  time  signal  received 

=  time  signal  transmitted 

When  the  Pseudorange  is  known  and  the  position  of 
the  satellite(s)  are  established,  the  solution  for  the 
position  and  time  can  be  calculated  using  the 
simultaneous  equations  as  previously  discussed .  The 
method,  as  is  well  know  and  will  be  used  in  detail 
later,  is  that  by  knowing  the  measured  Pseudorange 
and  knowing  the  surveyed  position  of  the  reference 
receiver  (DGPS)  a  pseudo  range  can  be  calculated 
and  then  the  difference  between  the  measured  and 
the  calculated  will  provide  a  correction  factor  for  the 
pseudorange  for  each  SV.  The  correction  factor  that 
will  be  transmitted,  is  defined  as  A  p,.  (reference 
4,  method  1). 

The  users  that  are  on  a  Line-Of-Sight  (LOS)  with  the 
Surveyed  Receiver  (MGS  Reference  Receiver)  will  be 
defined  as  LOSV,,  where  k=1  is  the  user  that  is  in  the 
LOS  of  the  MGS  Reference  Receiver  (MGSRR),  k=2 
is  the  user  that  is  in  the  LOS  of  the  user,  as  defined, 
but  is  not  in  the  LOS  of  the  MGSRR,  and  k=  3,4,  etc 
are  the  ongoing  levels  of  LOS  users.  For  simplicity  of 
discussion,  only  one  user  at  each  level  will  be 
addressed  in  the  following  analysis  results. 


p,=[(x"-x")*  +  (/"-y")*  +  (z"-z*')*]*  -cAf^ 


Where  the  error  portion  of  this  equation  can  be 
written  as 


[(e^e:r.(e^e;r.(e^e:r]*  = 


Which  when  viewed  in  terms  of  pseudorange 
calculations  is 


6p/=  Pc,  -  Pm,"^*Ef 


and  the  error  term  6  Sp  is,  in  effect, 
pdoPlosv.  ♦  *Losv,  *  .  where  Geometric  Dilution  of 

Precision  (GDOP)  and  the  3D  position  (PDOP) 
Dilution  of  Precision  are  defined  in  Reference  1 ,  pgs 
10-14.  The  t^osv,  is  the  sum  of  individual  errors 
(Ephemeris,  lonosperic,  etc.  )  and  are  defined  in 
Reference  5,  Table  1  page  90,  and  Reference  6, 
Table  4.1  page  141.  The  term  8^,  is  the  correction 
factor  generated  by  the  differential  manipulation.  It  is 
the  ratio  of  the  Differential  GPS  error  and  the  GPS 
error. 

From  this,  the  correction  that  is  transmitted  to  the 
next  LOS  user  is  viewed  as 


8p,=  Ap,  +  6ep 


It  has  to  be  noted  that  if  there  is  a  SV  in  view  of  the 
LOSV,  and  is  not  part  of  the  MGSRR  all-in-view 
configuration.  The  procedure  to  calculate  its 
pseudorange  correction  must  be  carried  out  in  the 
same  manner  as  was  accomplished  for  the  MGSRR. 
The  difference  is  that  the  “surveyed  position”  is  now 
the  corrected  or  differential  calculated  position  of  the 
user.  It  is  also  deemed  necessary  to  forward  the 
pseudorange  correction  accomplished  by  the  MGSRR 
to  the  next  level  user.  This  could  alleviate  using  a 
corrected  pseudorange  value  versus  a  more  accurate 
MGSRR  pseudorange  correction. 


Second  To  n  Level  Users: 

The  second  level  user  follows  the  same  procedure  as 
the  first  level  user  accomplished.  The  difference  at 
the  second  level  and  remaining  levels  is  the  error 
changes.  For  example,  the  second  level  error  term  is 
given  by 

8,^(  2 )  =  POOP tosn  •  ( «iosv4  *  *  'tosv,  *  ®cf,  )  * 

The  error  function  at  the  third  level  results  in  error 
function  as  described  in  the  following  expression. 

6,^(3)  =  PDOPi_Qg^^*  [  Eiosv',  ®e,(2)  1*  8cF, 


and  the  fourth  level  is  given  by: 

8,^(4)  =  ^DO^iOSv^4*l®Losn*8t,  (3)1*6cf, 


and  continues  to  propagate  to  the  nth  level,  and  is 
given  by: 

=  PDOP I  ^u}sv„  '^8,^(/7-1)]* 


Numeric  Calculations: 

In  the  above  equation  for each  variable  has  a 
range  of  values.  Table  1 ,  RANGE  ERROR  BUDGET, 
depicts  the  error  budgets  that  were  defined  in 
references  1  through  reference  6.  The  individual 
elements  (ephemeris,  ionospheric,  etc)  errors  are 
defined  as  This  includes  errors  for  the  GPS 
and  Differential  GPSs  C/A  and  P  codes.  The  resultant 


of  these  errors  range  from  4  meters  to  greater  than 
30  meters.  PDOP  is  described  in  Figure  4  of 
Reference  1  and  has  values  2.43  or  less  for  the 
median  and  3.28  or  less  for  the  90  th  percentile.  The 
correction  factor,  ScF.t  is  generated  by  looking  at  what 
the  GPS  error  is”  with  and  without  differential 
corrections  and  using  that  ratio  as  the  correction 
factor.  For  example,  P  code  GPS  is  16m  or  less  on 
given  systems.  The  same  GPS  system  if  used  with  a 
differential  is  in  the  order  of  4  meters  or  less.  A 
different  correction  factor  value  for  C/A  type  code 
would  be  in  the  order  of  75-1 00m  and  with  differential 
would  be  10  m  or  less.  This  all  leads  to  a  set  of 
variables  that  have  to  be  varied  over  several  ranges. 
This  is  illustrated  by: 

^Losv,  =  4, 10,  20,  30  meters 

PDOP„  =  2.43,  2.75,  3.0,  3.28 

6^^  =  0.1,  0.25,  0.5 

Number  of  relays  =  8 

When  calculating  the  8.^  { n)  equations  for  the  number 
of  relays  ( n  =  1 ,  8),  the’ results  are  shown  in  Table  2. 
To  illustrate  the  function  of  these  errors,  3  additional 
3D  graphs  are  generated.  The  first  graph  is  shown  in 
Figure  2,  which  illustrates  the  resultant  error  as  a 
function  of  PDOP  and  the  error  magnitude  at 

a  given  correction  factor  of  0.25  (4/16). 

Figures  3  and  4  are  for  error  magnitudes  of  4  and  30 
meters  respectively  and  a  correction  factor  of  0.25. 
For  an  error  magnitude  of  4  (Figure  3),  the 
comparison  between  PDOP  and  the  number  of  relays 
and  the  resultant  errors  (meters)  is  depicted.  The 
results  in  Figure  3  illustrates  the  nonlinearity  in  the 
error  as  PDOP  increases  and  the  number  of  relays 
increase.  This  rise  in  error  is  larger  in  Figure  4,  which 
is  depicting  the  error  magnitude  of  30  meters  and 
PDOP  of  3.28. 

It  was  expected  that,  as  the  number  of  relays 
increased,  the  error  will  increase.  The  data  shows 
that  the  error  increased  for  each  relay  as  was 
expected.  There  will  be  another  layer  of  error  added 
onto  the  new  reference  receiver  number.  The 
magnitude  of  increase  will  of  course  be  a  function  of 
the  initial  error  magnitude,  PDOP,  and  the  correction 
factor.  It  should  be  noted  that  the  correction  factor 
was  held  constant  over  the  eight  relays,  while  in  the 
real  world,  the  correction  factor  will  be  larger  as  the 
number  of  relays  increase  (  0.25-4  0.5).  The  two 
extremes  of  resultant  error  are  also  as  expected,  the 
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low  end  as  shown  in  Table  (GPS>DAT)  for  t^osv^A, 
*cF.=0-‘l.  PDOP=2.43  and  eight  relays  has  a 

resultant  error  of  1.284  meters.  While  on  the  other 
end  of  the  spectrum,  the  condition  of 
®cf,=0-5,  PD0P=3.28  and  eight  relays  has  a  resultant 
error  of  3946  meters. 

Conclusions: 

The  initial  numeric  results  indicate  that  this  method  is 
feasible  for  conditions  where  Over-The-Horizon 
(OTH)  or  Non-Line  Of  Sight  receiver  are  required. 
This  method  could  also  complement  the  WADGPS 
and  other  differential  GPS  ranging  methods.  For 
example,  one  of  the  methods  would  be  used  up  to 
the  allowable  range  past  the  CONUS  coastline.  This 
method  would  then  extend  the  coastline  accuracy 
over  a  range  for  many  hundreds  of  miles.  Whereby, 
maybe  a  ship  could  be  one  of  the  relays  to  aide  in 
the  range  extension. 
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Figure  2.  Resultant  Error  PDOP/Error  Magnitude 


487 


Figure  3.  Resultant  Error  for  E4-D25  PDOP  vs.  Number  of  Relays 
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Figure  4.  Resultant  Error  E30_D25  PDOP  vs.  Number  of  Relays 
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Table  2.  Pseudorange  Error  Summary 
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ABSTRACT 

In  the  application  of  GPS  to  airborne  gravity,  the 
centimetre-level  phase  errors  of  an  aircraft-mounted 
antenna  can  influence  the  results.  Furthermore,  the 
aircraft  structure  can  give  rise  to  multipath  errors  that  are 
even  more  significant.  This  paper  describes  a  project  to 
characterize  the  errors  of  an  aircraft-mounted  antenna  by 
carrying  out  short-baseline  measurements  over  several 
days  to  build  an  error  map  as  a  function  of  satellite 
direction  relative  to  the  aircraft  body  frame.  The 
calibration  model  is  developed  based  on  a  set  of  carrier 
phase  residuals.  The  effectiveness  of  the  model  is 


demonstrated  by  using  an  independent  set  of  test  data. 
This  antenna  calibration  should  improve  the  estimation  of 
vertical  acceleration  of  the  aircraft, 

INTRODUCTION 

This  study  is  one  component  of  a  joint  project  between 
Sander  Geophysics  Ltd,  the  National  Research  Council  of 
Canada,  the  Geological  Survey  of  Canada  and  two  oil 
companies,  to  develop  a  new  generation  of  airborne 
gravity  measuring  system.  It  is  the  objective  of  the  project 
to  achieve  better  than  1  milligal  accuracy  with  as  little  as 
30  seconds  of  low  pass  filtering. 

It  has  been  well  established  that,  within  a  GPS  antenna, 
the  effective  phase  centre  is  not  a  fixed,  known  point;  it 
varies  with  satellite  elevation  (0)  and  azimuth  ((j))  in  the 
antenna  coordinate  system,  as  well  as  varying  between  the 
LI  and  L2  signals  [Schupler  et  al.,  1991;  Tranquilla  et  al., 
1988]^  In  many  GPS  applications,  these  small 
uncertainties  are  insignificant;  but  in  airborne  gravimetry, 
where  DGPS  vertical  position  is  double  differentiated  to 
produce  vehicle  acceleration  to  the  accuracy  specified 
above,  the  antenna  errors  become  significant.  In  addition 
to  the  errors  caused  by  phase  centre  uncertainty, 
multipath  signal  distortion  caused  by  reflective  surfaces 
on  the  host  aircraft  can  be  even  more  of  a  problem. 

It  has  been  argued  that  with  the  inevitable  low  pass 
filtering  in  a  final  airborne  gravity  system,  no  matter  how 
short  the  time  constant,  the  above  errors  will  be  filtered 
out.  However,  it  should  be  remembered  that  there  are 
long-period  attitude  changes  in  a  helicopter  or  a  fixed 
wing  aircraft  that  approach  the  period  of  the  gravity 
anomalies  of  interest.  An  example  is  the  phugoid  mode, 
an  under-damped  sinusoidal  pitching  motion  with  typical 
periods  of  15  to  30  seconds.  Furthermore,  autopilot  outer 
control  loops  that  are  coupled  to  navigation  error  signals 
can  cause  small  roll  attitude  changes  with  periods  of  up  to 
several  minutes. 
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It  is  the  objective  of  this  project  to  model  these  errors  and 
to  minimize  them,  thus  producing  a  cleaner,  less  noisy 
DGPS-measured  vertical  acceleration,  leading  to  a 
decrease  in  the  final  low  pass  time  constant. 

METHODOLOGY 

A  helicopter  was  chosen  as  the  test  vehicle  for  this  project 
because,  in  the  early  phases  of  system  development,  a 
slow  surveying  speed  offers  less  of  a  challenge  in  terms 
of  separating  vehicle  acceleration  from  gravity  anomalies. 
The  helicopter  in  this  case  is  a  Bell  206  Jet  Ranger, 
owned  by  the  National  Research  Council.  The  GPS 
receivers  used  are  the  dual  frequency  TurboRogue^^ 
SNR  8000.  The  antenna  to  be  characterized  is  an  aircraft 
model  supplied  for  this  receiver,  mounted  on  the 
helicopter  as  shown  in  Figure  1. 


Figure  1.  The  configuration  of  an  aircraft  antenna 
mounted  on  the  helicopter 


The  basic  approach  has  been  to  collect  error  data  with  the 
antenna  mounted  on  the  helicopter,  rather  than  trying  to 
characterize  the  phase  centre  with  the  antenna  by  itself  in 
an  anechoic  Radio  Frequency  (RF)  chamber,  as  is 
sometimes  done  [Schupler  et  al.,  1994;  Tranquilla  et  al., 
1994].  By  making  the  error  measurements  in  situ,  the 
multipath  errors,  which  should  be  a  ftmction  of  aircraft 
geometry,  are  included  in  the  data.  Measurements  are 
made  over  a  short  baseline  between  the  aircraft  antenna 
and  a  reference  antenna,  the  latter  equipped  with  choke 
rings  to  minimize  multipath  from  groimd  reflections. 
Using  standard  carrier  phase  techniques,  the  phase 
residual  for  each  satellite  in  view  is  calculated,  along  with 
its  azimuth  and  elevation.  Double-differencing  eliminates 
clock  error  between  the  two  receivers,  with  the  highest 
elevation  satellite  of  satellites  in  view  being  used  as  the 
reference  or  “base”  satellite.  This  choice  is  based  on  the 
fact  that  the  higher  the  elevation,  the  greater  is  the 
freedom  from  phase-centre  errors  and  multipath;  thus,  the 
residual  error  of  the  double-difference  pair  will 
essentially  be  that  of  the  lower  satellite.  Double 


differencing  also  significantly  reduces  the  orbital  and 
atmospheric  errors. 

There  was  some  uncertainty  with  respect  to  the  double- 
differencing  approach,  because  the  model  has  to  be 
single-satellite  specific.  On  the  other  hand,  it  would  be 
difficult  to  map  all  possible  pairs  of  satellite  positions  for 
a  model.  Single  differencing,  although  difficult  because 
of  the  differences  between  the  receiver  clocks,  was  done 
for  purposes  of  comparison  with  double  differencing,  and 
as  will  be  shown  in  the  next  section,  there  is  little  or  no 
loss  of  accuracy  when  the  model  is  based  on  double 
differencing  as  described  above. 

It  is  necessary  to  receive  a  satellite  signal  trajectory  at 
virtually  every  point  on  the  hemisphere  of  the  aircraft 
antenna.  Once  this  has  been  achieved,  an  error  model  can 
be  created,  the  arguments  for  which  are  satellite  elevation 
(0)  and  azimuth  (cj))  in  the  antenna  coordinate  system. 
Once  the  coefficients  for  this  model  have  been  calculated, 
they  can  then  be  applied  to  reduce  the  overall  position 
error  residual,  which,  it  is  hoped,  will  lead  to  improved 
signal-to-noise  in  the  computed  vertical  acceleration. 

One  problem  with  this  approach  is  that  of  phase-centre 
and  multipath  errors  in  the  reference  antenna.  This  is 
illustrated  in  Figure  2,  where  for  two  TurboRogue 
reference  antennas  with  choke  rings  on  a  short  baseline, 
residuals  are  plotted  as  a  function  of  satellite  elevation. 
Clearly,  there  are  errors  associated  with  reference 
antennas.  If  the  error  model  is  constructed  with  the  errors 
of  the  reference  antenna  included,  the  question  arises  as  to 
what  happens  when  the  aircraft  and  the  reference  antenna 
are  in  a  different  geometrical  relationship  from  when  the 
model  data  were  taken.  For  example,  characterization 
data  are  taken  with  both  antennas  level,  but  when  the 
aircraft  changes  attitude,  the  relationship  will  be  different, 
as  illustrated  in  Figure  3.  It  can  be  seen  that  the  errors  in 
the  reference  antenna  should  be  excluded  from  the  model. 
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Figure!.  The  residuals  of  one  satellite  for  two 
TurboRogue  reference  antennas 


492 


To  SV  (n) 


Reference  Antenna 


Aircraft  Antenna 
(Level  for  Model  Data) 


Aircraft  off-level 


Figure  3»  Relationships  between  reference  and  aircraft  antennas 


To  accomplish  this,  an  antenna  chosen  to  be  the  reference 
was  measured  in  an  anechoic  chamber  and  a  reasonable 
representation  of  its  errors  as  a  function  of  elevation  and 
azimuth  was  obtained,  as  shown  in  Figure  4,  which 
presents  the  best-fit  phase  residuals  for  the  reference 
antenna  at  LI  frequency.  Since  the  major  sensitivity  is  to 
elevation  and  because  sensitivity  to  azimuth  variations  is 
small,  the  latter  were  neglected  and  an  error  model  for  the 
reference  antenna  was  based  on  elevation  only.  Figure  5 
shows  the  azimuthally  averaged  phase  pattern  for  the 
reference  antenna. 


Figure  4.  Phase  residuals  for  the  reference  antenna  at  LI 


Elevation 

Figure  5.  LI  phase  pattern  for  the  reference  antenna 


Thus,  the  model  for  the  two  antennas  has  the  form 
Residual  =  f{eR  (6,  (j)),  8r'(6),  eA(0,(t))}  (I) 

where  Sr  is  the  error  in  the  reference  antenna, 

is  the  error  characteristic  of  Figure  4  and 
8a  is  the  error  in  the  aircraft  antenna. 

An  important  consideration  in  collecting  data  for  the 
model  is  to  have  the  satellites  more  or  less  uniformly 
distributed  over  the  hemisphere  of  the  antenna. 
Otherwise,  too  much  weight  will  be  given  to  sections  with 
heavy  concentrations  of  satellites,  while  other  sections 
with  sparse  concentrations  or  total  voids  will  lead  to  a 
poorly  conditioned  solution  for  the  model.  Figure  6a 
shows  a  typical  sky  coverage  at  Ottawa  over  one  day  of 
data  collection.  To  obtain  uniform  coverage,  it  was 
necessary  to  change  the  heading  of  the  helicopter  without 
in  any  way  altering  the  antenna  baseline.  Figure  6b  shows 
the  sky  distribution  for  three  sessions,  each  on  a  different 
heading. 

The  modelling  results  achieved  with  static  testing  are 
shown  in  the  next  section. 

It  is  the  intention  of  the  project  to  verify  the  results  in  the 
vertical  acceleration  domain  by  flying  the  antenna  on  the 
helicopter  over  a  known  elevation  profile,  during  which 
time  the  fidelity  of  height  measurement  would  be  verified 
using  a  laser  altimeter.  Because  of  a  shortage  of 
serviceable  TurboRogue  receivers,  which  are  shared 
between  other  partners  on  the  project  and  with  the 
Geodetic  Survey  of  Canada,  the  helicopter  testing  has 
been  delayed.  In  the  interim,  as  partial  verification  of  the 
model  under  conditions  of  varying  antenna  attitude, 
NovAtel  single  frequency  receivers  were  used  for  a  test  in 
which  an  aircraft  antenna  was  mounted  on  a  tripod,  as 
shown  in  Figure  7.  The  attitude  of  the  antenna  mounting 
plate  could  be  changed  and  measured  dynamically,  to 
simulate  aircraft  pitch  and  roll.  Results  of  this  experiment 
are  shown  in  the  next  section. 
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Figure  6a.  Satellite  sky  map  at  Ottawa  over  one  day 


Figure  7.  The  aircraft  antenna  mounted  for  the  attitude 
test 


Two  methods  of  modelling  residual  errors  as  a  function 
of  satellite  elevation  and  azimuth  were  investigated, 
spherical  harmonics  and  least-squares  fit. 

Spherical  harmonic  model: 

n  (  I 

/(0,<|))=  I  ^/O^^o(cos0)+  Z{/)^(cos0)(C^^cos/w(t>  +  5^^sinm(|)) 
/=1V  m-\ 

(2) 

where  Jio,  Ci^,  S|„:  spherical  harmonics  calibration 
coefficients 

P,„  (.):  Legendre  polynomial 


Least-squares  model: 

/(0,<i>)=i;  I  (3) 

/=0  1=0 

A  spherical  harmonic  model  with  the  8th  order  gave 
essentially  the  same  results  as  a  least-squares  model  with 
the  10th  order,  and  the  spherical  harmonic  model  was 
chosen  as  the  calibration  function  for  the  next  section. 
This  model  was  also  chosen  in  [Cohen  et  al.,  1991]. 

RESULTS 

Pre-testing  of  Model  Parameters 

The  error  model  chosen  assumes  that  the  residual  errors, 
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Figure  6b.  Satellite  sky  map  for  three  sessions 

on  a  satellite-by-satellite  basis,  can  be  reasonably  well 
represented  as  a  function  of  only  two  variables,  elevation 
and  azimuth.  Dependence  on  another  variable,  such  as 
signal-to-noise  ratio,  would  greatly  complicate  the  model. 
To  validate  this  assumption,  multi-day  data  were  taken 
with  the  aircraft  antenna  on  a  T-33  aircraft  in  a  short 
baseline  test.  The  objective  was  to  show  that  different 
satellites,  at  similar  elevation  and  azimuth  angles, 
produced  similar  residuals.  Figure  8  shows  residuals  of 
PRN  2  and  PRN  21,  where  these  two  satellites  had  similar 
trajectories  at  different  times  of  the ‘day.  Note  that  the 
residuals  of  PRN  21  have  been  offset  by  2  cm  for  clarity. 
It  is  seen  that  the  residuals  of  PRN  2  and  PRN  21  are 
strongly  correlated,  and  this  indicates  that  multipath  has 
the  expected  geometrical  dependence. 
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Figure  8.  Similarity  of  residuals  for  satellites  with 
similar  trajectories 

In  order  to  further  verify  the  multipath’s  geometry 
dependence,  some  satellite  crossing  points  were  selected 
from  the  sky  map  for  the  run.  The  results  of  this  test  are 
shown  in  Table  1.  At  satellite  crossing  points,  the 
residuals  of  different  satellites  are  almost  the  same  and 
the  agreement  is  better  than  2  mm.  Similar  results  were 
also  documented  in  [Kee  et  al.,  1994]. 
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Table  1.  Residual  comparisons  at  cross-points  among 
different  satellite  sky  tracks 


No. 

Satellites 

(PRN) 

Elev. 

(deg.) 

Az. 

(deg.) 

Residuals 

(cm) 

Diff. 

(cm) 

1 

SV  20,  SV  2 

30.2 

290.1 

1.35 

1.22 

0.13 

SV  20,  SV  19 

29.3 

298.1 

0.05 

-0.12 

0.17 

3 

SV  20,  SV  23 

24.9 

265.7 

-0.24  -0.25 

0.01 

4 

SV  20,  SV  27 

26.2 

307.1 

-0.18  -0.24 

0.06 

5 

SV  7,  SV  9 

57.7 

101.4 

-0.45  -0.50 

0.05 

"T“ 

SV  14,  SV  16 

36.5 

69.3 

-0.96  -0.80 

-0.16 

"T“ 

SV  14,  SV  25 

35.7 

89.1 

-1.09  -1.23 

0.14 

8 

SV  14,  SV  4 

36.9 

79.9 

-0.69  -0.58 

-0.11 

SV1,SV6 

56.5 

280.8 

-0.11  -0.01 

-O.IO 

10 

SV1,SV9 

57.7 

100.5 

-0.45  -0.51 

0.06 

Static  Testing  with  the  Helicopter 

This  test  was  carried  out  on  a  flat,  obstruction-free,  grassy 
area  of  the  Ottawa  International  airport.  In  order  to 
investigate  the  question  of  double  difference  versus  single 
difference,  it  was  decided  to  use  a  common  clock  for  two 
receivers  so  that  both  single  and  double  difference  data 
could  be  generated. 

Initial  set-up  tests  were  done  with  the  aircraft  antenna  on 
a  tripod  with  the  same  baseline  as  was  to  be  used  with  the 
helicopter,  and  with  a  rubidium  frequency  standard  as  a 
common  clock  for  both  TurboRogue  receivers.  It  was 
found  that  even  with  the  common  clock,  there  were 
apparent  “clock”  errors  in  the  receivers  of  up  to  2-3  cm  in 
the  single  difference  mode.  These  errors  were  found  to  be 
due  to  temperature  changes  in  the  receivers.  It  was 
therefore  decided  to  do  the  data  collection  for  the 
modelling  with  an  Ashtech  3DF  receiver,  the  type  used 
for  attitude  measurement,  where  signals  from  two  or  more 
antennas  are  processed  with  a  common  clock.  With  this 
receiver,  good  single-difference  data  were  obtained  and 


Figure  9.  Single  difference  residuals  for  satellite  PRN  14 


we  were  able  to  show,  as  in  Figure  9,  that  there  was  little 
to  choose  between  the  two  methods. 

Although  early  tests  had  shown  that  the  helicopter  blades 
rotating  over  the  normal  operating  speed  range,  had  no 
effect  whatsoever  on  the  GPS  solution,  there  was  concern 
that  for  static  testing,  the  blade  angle  with  respect  to  the 
fuselage  could  change  the  residuals.  Short  baseline  tests 
showed  that  unless  a  blade  was  directly  above  the 
antenna,  the  blade  angle  had  no  effect.  For  consistency, 
the  blades  were  set  at  45  degrees  to  the  centreline  of  the 
fuselage  for  all  tests. 

For  the  characterization  data  gathering,  the  helicopter 
skids  were  shimmed  to  give  a  level  attitude  and  the 
position  of  its  GPS  antenna  was  fixed  by  two  transit 
bearings.  The  angle  between  the  centre-line  of  the 
helicopter  and  the  baseline  was  also  measured  by  transit 
bearings.  The  coordinates  of  the  reference  station  were 
determined  by  a  single  point  solution  with  precise 
empherides  and  satellite  clock  corrections  from  the 
Canadian  Active  Control  System  (CACS).  The  direction 
of  the  baseline  was  obtained  from  the  double  difference 
solution.  The  heading  of  the  helicopter  with  respect  to 
true  north  was  then  determined. 

The  testing  was  broken  into  three  sessions,  denoted  SI  to 
S3,  each  on  a  different  heading.  The  headings  were: 

51  —  329.6®  (True) 

52  —  59.0® 

53  —  14.6® 

Between  each  session,  the  helicopter  was  moved  by  hand 
to  keep  the  antenna,  as  seen  by  the  transits,  at  the  same 
point  above  the  ground,  and  the  helicopter  was  re- 
levelled. 

Application  of  the  computed  model  coefficients  to  the 
data  from  which  they  were  computed,  as  would  be 
expected,  produced  a  reduction  of  the  residuals.  However, 
we  wished  to  demonstrate  robustness  of  the  model  and  to 
do  so,  coefficients  from  combinations  of  two  sessions 
were  applied  to  a  third  session.  These  subsets  of 
coefficients  did  display  robustness,  but  with  a 
qualification:  Figure  6b  is  divided  approximately  into  a 
northern  and  a  southern  hemisphere  by  diagonal  AB.  In 
the  southern  hemisphere,  it  can  be  seen  that  there  is  a 
good  mix  of  the  satellite  tracks  for  all  three  sessions, 
whereas  in  the  northern  hemisphere,  the  tracks  for  each 
session  are  clumped,  with  much  less  intersection  and 
intermingling.  It  is  only  with  data  from  the  southern 
hemisphere  that  true  robustness  could  be  shown: 
including  data  from  the  other  hemisphere  in  the  model 
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caused  deteriorated  robustness.  In  effect,  we  were  asking 
the  model  to  predict  in  areas  for  which  it  had  no  data.  The 
results  that  follow  are  for  the  southern  hemisphere  only. 
Figure  10  shows  the  improvement  obtained  using  the 
model.  The  robustness  is  illustrated  in  case  “B”,  where 
coefficients  from  SI  and  S2  are  applied  to  the  data  of  S3. 
Figure  1 1  shows  a  surface  plot  of  the  model  using  data 
from  all  three  sessions. 


A  Coefficients  from  SI,  S2  and  S3,  applied  to  S3 
B  Coefficients  from  SI  and  S2,  applied  to  S3 


Figure  10.  Improvement  in  residuals  using  the  error 
model  in  helicopter  static  test 


Figure  11.  Error  model  for  SI,  S2  and  S3  in  helicopter 
static  test 


for  the  helicopter  static  test,  four  sessions  totalling  about 
96  hours  were  recorded,  with  the  direction  of  the  aircraft 
antenna  being  changed  90  degrees  for  each  session.  A 
fifth  session  of  five  hours  was  done  simply  to  confirm 
robustness.  After  the  model  coefficients  were  calculated 
from  the  first  four  sessions  using  the  8th-order  harmonic 
model,  a  simulated  aircraft  attitude  testing  of  one  hour 
was  conducted.  Attitude  changes  of  up  to  ±30  degrees,  at 
frequencies  from  0. 1  to  0.3  Hz,  were  simulated.  For  this 
portion  of  the  testing,  the  sample  rate  was  5  Hz,  as 
opposed  to  0. 1  Hz  for  the  static  data  collection. 

Figure  12  shows  the  sky  distribution  for  the  four  sessions, 
each  on  a  heading  change  of  90  degrees.  Note  that  the 
areas  of  the  sky  map  which  remain  uncovered  are  much 
smaller  than  for  the  previous  helicopter  test.  Residuals 
were  calculated  using  double  differencing,  since,  for  the 
reasons  outlined  previously,  this  is  the  preferred  method. 
An  error  model  was  calculated  using  the  8th  order 
spherical  harmonics.  The  error  model  for  all  four  sessions 
is  shown  in  Figure  13.  In  this  new  model,  the  elevation 
limit  is  about  65  degrees  (rather  than  80  degrees  in  the 
previous  helicopter  model).  The  reason  is  that  with 
double  differencing,  the  highest  elevation  satellite  in  view 
is  used  as  the  reference  or  base  satellite  and  the  next 
highest  satellite  was  seldom  higher  than  65  degrees. 

0 


180 

Figure  12.  Satellite  sky  map  for  four  sessions 


Simulated  Aircraft  Attitude  Dynamic  Test 

In  this  test,  the  aircraft  antenna  was  mounted  on  a  special 
tripod  whose  head  could  be  moved  to  simulate  aircraft 
attitude  changes.  A  potentiometer  was  calibrated  to 
measure  the  antenna  attitude  and  its  signal  was  merged 
with  the  receiver  data.  Due  to  a  temporary  shortage  of 
TurboRogue  receivers,  two  NovAtel  GPScard  receivers 
were  used,  and  in  order  to  obtain  more  consistent 
coverage  over  the  antenna  hemisphere  than  was  the  case 


In  evaluating  the  results  of  this  test,  it  should  be  noted 
that  with  the  aircraft  antenna  mounted  on  a  tripod  rather 
than  on  the  helicopter,  the  multipath  errors  would  be 
greatly  reduced  and  the  geometry-associated  errors  were 
not  much  above  the  uncorrelated  receiver  noise. 
Nevertheless,  the  model  did  produce  a  significant 
reduction  in  the  residuals.  As  shown  in  Figure  14, 
application  of  the  model  to  the  fifth  (independent)  session 
produced  a  reduction  of  23.5%,  thus  confirming 
robustness. 
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Figure  13.  Error  model  for  four  sessions 
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Figure  14.  Improvement  in  residuals  using  error  model 
for  an  independent  session 


Figure  15.  Height  solution  difference  with  and  without 
the  model 

was  achieved  by  collecting  data  in  24-hour  sessions  on  at 
least  four  different  azimuths. 


For  the  attitude  testing,  the  height  solution  had  a  noise 
envelope  of  approximately  7  mm  peak-to-peak  and  it  was 
difficult  to  see  the  effect  of  the  error  model  against  this 
noise  background  on  a  stand-alone  plot  of  height. 
However,  as  shown  in  Figure  15,  which  is  a  typical 
section  of  the  attitude  test,  the  height  difference  with  and 
without  the  model ,  is  reasonably  well  correlated  with  the 
attitude  signal.  This  shows  that  the  model  is  generating  a 
height  correction  signal.  It  would  therefore  be  safe  to 
conclude  that  the  error  model  will  be  effective  in  the 
higher  multipath  environment  of  the  helicopter. 

CONCLUSION 

It  has  been  shown  that  phase-centre  and  multipath  errors 
of  an  aircraft-mounted  GPS  antenna,  can  be  characterized 
by  elevation  and  azimuths  of  satellites  with  respect  to  the 
antenna  hemisphere.  An  error  model  based  on  satellite 
residuals  with  elevation  and  azimuth  as  independent 
variables,  can  be  constructed  from  static  data  and  the 
model  can  be  implemented  as  a  least  squares  either  by  a 
least-squqres  surface  or  by  spherical  harmonics.  An 
eighth-order  spherical  model  was  found  to  be 
convenient  for  this  study.  The  model  was  not  robust 
unless  there  was  very  complete  coverage  of  the  antenna 
hemisphere.  This 


For  airborne  gravity  work,  double-difference  solutions  for 
height  are  required.  It  was  found  that  the  model  could  be 
based  on  double  differences  provided  that  an  a  priori 
error  model  of  the  reference  antenna  was  used  in  order  to 
isolate  its  errors  from  those  of  the  aircraft  antenna. 

Logistics  problems  with  respect  to  two-frequency 
receivers  have  held  up  flight  testing,  but  a  simulated 
attitude  test  of  an  antenna  on  a  tripod  showed  the  error 
model  to  be  capable  of  reducing  attitude-related  noise  in 
the  height  solution.  This  test  was  carried  out  with 
multipath  errors  just  barely  above  the  receiver  noise  and  it 
is  expected  that  in  the  higher  multipath  environment  of 
the  helicopter,  the  height  errors  will  be  proportionately 
reduced,  with  corresponding  reduction  in  attitude- 
dependent  vertical  acceleration  noise,  which  is  the 
objective  of  the  project. 
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ABSTRACT 

The  aim  of  the  work  described  in  this  paper  is  to 
examine  the  performance  of  differential  positioning 
using  both  the  GPS  and  GLONASS  satellite  systems. 
Two  aspects  of  performance  have  been  concentrated 
on,  (i)  satellite  availability,  and  (ii)  positioning 
accuracy.  These  aspects  are  analyzed  in  some 
demanding  applications. 


obtained  using  code  and  carrier  phase  observables  from 
the  20  channel  GPS/GLONASS  receiver  developed  at 
the  University  of  Leeds.  Differential  performance  on 
a  static  baseline  using  both  GLONASS  and  GPS,  GPS 
alone  and  GLONASS  alone,  is  described. 

Differential  GPS/GLONASS  tests  have  also  been 
performed  using  a  land  vehicle  in  urban  and  semi- 
urban  areas.  The  results  demonstrate  the  advantages  of 
using  both  GPS  and  GLONASS  systems  for  this 
application.  The  consequent  increase  in  the  number  of 
visible  satellites  significantly  increases  the  positioning 
capability  in  built  up  areas.  The  results  also  show  the 
potential  for  using  a  20  channel  GPS/GLONASS 
receiver  to  take  full  advantage  of  the  increased  number 
of  satellites. 

The  paper  also  describes  a  flight  test  where  en-route 
differential  GPS/GLONASS  positioning  was  performed 
for  a  flight  to  the  North  Pole.  The  results  show  the 
satellite  availability  at  very  high  latitudes  and  the 
positioning  accuracy  over  very  long  distances. 

INTRODUCTION 

Differential  GPS  is  successfully  used  worldwide  to 
provide  positioning  accuracy  at  the  metre  level. 
However,  there  are  a  number  of  applications  which 
would  benefit  from  a  greater  satellite  availability.  This 
may  be  because  a  very  high  level  of  system  integrity 
is  required,  eg  for  Category  III  precision  approach  and 
landing  of  aircraft,  or  because  positioning  is  required 
in  areas  where  there  are  many  obstructions  which 
block  satellite  signals,  eg  vehicle  positioning  in  urban 
ares. 

The  most  obvious  choice  to  improve  the  satellite 
availability  is  to  increase  the  number  of  satellites  by 
combining  the  GPS  and  GLONASS  systems.  After 
recent  GLONASS  satellite  launches  there  are  now  22 
operating  satellites  in  orbit.  This  is  only  3  below  the 


The  increased  satellite  availability  when  using  both 
satellite  systems  is  analyzed.  The  paper  then  describes 
precise  differential  positioning  results  which  have  been 
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number  of  operating  GPS  satellites,  making  a  total  of 
47  satellites  available  when  using  both  systems.  There 
has  been  a  lot  of  interest  recently  in  the  possibility  of 
combining  both  systems  and  the  resulting  positioning 
performance. 

The  Institute  of  Satellite  Navigation  has  developed  a  20 
channel  GPS/GLONASS  receiver  capable  of  obtaining 
carrier  phase  and  code  phase  observables  from  any 
combination  of  20  GPS  or  GLONASS  satellites  [1,2]. 
Each  chaimel  can  track  either  GPS  or  GLONASS 
satellites.  The  data  is  recorded  at  a  1  Hz  rate  and  a 
differential  position  solution  can  be  determined  using 
GPS  and  GLONASS  satellites,  just  GPS,  or  just 
GLONASS.  The  ability  to  track  over  10  satellites  is 
very  important  to  be  able  to  take  full  advantage  of 
using  both  systems.  Recent  vehicle  positioning  tests 
using  a  10  channel  version  of  the  Leeds  receiver  have 
shown  that  there  are  not  enough  channels  to  take  full 
advantage  of  combining  both  systems  even  in  areas 
where  there  is  a  lot  of  satellite  masking  [3]. 

The  aim  of  the  work  described  in  this  paper  is  to 
analyze  the  performance  of  GPS/GLONASS  positioning 
with  especial  regard  to  satellite  availability  and 
positioning  accuracy.  Comparisons  are  made  between 
the  GPS/GLONASS  performance  and  the  performance 
of  both  separate  systems.  The  satellite  availability  is 
analyzed  using  software  written  to  determine  the 
average,  maximum  and  minimum  number  of  satellites 
available  in  a  24  hour  period. 

Three  tests  have  also  been  carried  out  using  actual 
data.  Firstly,  a  static  baseline  has  been  measured  to 
determine  the  accuracy  of  the  pseudorange  and  phase 
smoothed  pseudorange  position  solutions.  A  position 
‘truth’  source  from  commercial  carrier  phase 
positioning  software  has  been  used  to  give  centimetre 
level  positioning  accuracy.  Secondly,  a  vehicle 
positioning  test  has  been  carried  out  in  urban  and  semi- 
urban  areas  to  look  at  the  satellite  availability  in  a 
demanding  application.  Thirdly,  a  flight  test  was 
undertaken  to  the  North  Pole  to  study  the  receiver 
performance  in  a  flight  environment,  to  look  at 
positioning  accuracy  over  long  distances  and  to  study 
the  satellite  availability  in  the  polar  region. 

GNSS  SATELLITE  AVAILABILITY 

To  demonstrate  the  satellite  availability 
GPS/GLONASS,  GPS,  and  GLONASS  simulations 
have  been  carried  out  using  the  present  constellations 
of  22  GLONASS  satellites  and  25  GPS  satellites 
(including  the  one  remaining  Block  I  GPS  satellite).  An 
elevation  mask  of  10°  was  used  to  reflect  the  fact  that 
low  elevation  satellites  are  more  likely  to  be 
significantly  affected  by  unmodelled  errors.  Therefore, 
some  applications  may  require  that  only  satellites  above 
10°  may  be  used.  The  average,  maximum  and 
minimum  number  of  satellites  in  a  24  hour  period  are 


determined  for  an  area  of  the  earths’  surface  between 
40  and  -30  degrees  longitude  and  0  and  80  degrees 
latitude  (roughly  approximating  to  Europe  and 
Northern  Africa).  The  number  of  satellites  is  calculated 
using  a  2°x2°  grid  spacing  and  a  600  second  time 
step. 


The  average  number  of  satellites  available  for 
GPS/GLONASS,  GPS,  and  GLONASS  are  shown  in 
figures  1,  2  and  3. 


Figure  1  Average  number  of  GPS/GLONASS  satellites 
available  with  10°  elevation  mask 


Figure  2  Average  number  of  GPS  satellites  available 
with  10°  elevation  mask 


Figure  3  Average  number  of  GLONASS  satellites 
available  with  10°  elevation  mask 
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Clearly,  there  is  a  significant  increase  when  both 
systems  are  used.  There  are  at  least  13 
GPS/GLONASS  satellites  available  on  average,  rising 
to  16  at  high  latitudes.  With  GPS  only  the  lowest 
average  value  is  about  7  in  mid-latitudes,  whereas  the 
lowest  average  value  is  6  with  GLONASS  only  near 
the  equator. 

However,  it  is  also  important  to  note  the  minimum 
number  of  satellites  available  in  the  24  hour  period. 
This  is  because  if  rigorous  applications  require  a 
certain  minimum  number  of  satellite  they  will  not  be 
available  during  periods  when  there  are  less  than  this 
number  available.  Examples  of  such  applications  are 
the  integrity  requirements  for  Cat  III  precision 
approach  and  landing  of  aircraft,  and  very  fast 
ambiguity  resolution  on-the-fly  which  may  well  require 
at  least  7  satellites  in  some  cases. 


1000  second  time  average  and  two  parallel  filters. 


Figure  5  Minimum  number  of  GPS  satellites  available 
with  a  10°  elevation  mask 


The  minimum  number  of  satellites  available  for 
GPS/GLONASS  is  shown  in  figure  4.  The  lowest 
minimum  number  of  satellites  is  8,  in  the  mid-latitudes. 
The  minimum  number  of  GPS  satellites  is  shown  in 
Figure  5.  The  lowest  minimum  is  4,  with  5  being  the 
usual  minimum.  These  figures  (with  a  10°  elevation 
mask)  suggests  that  using  GPS  and  GLONASS  together 
will  provide  greater  availability  and  integrity, 
particularly  for  rigorous  applications. 


Figure  4  Minimum  number  of  GPS/GLONASS 
satellites  available  with  10°  elevation  mask 

The  maximum  number  of  GPS/GLONASS  satellites  is 
shown  in  figure  6.  At  high  latitudes  it  is  theoretically 
possible  to  obtain  18  to  19  satellites.  Although  in  field 
conditions  the  number  of  visible  satellites  is  often  lower 
due  to  obstructions. 

DIFFERENTIAL  GNSS  ACCURACY  ON  A 
STATIC  BASELINE 

The  aims  of  this  test  were  to  (i)  compare  the  accuracy 
of  the  GPS/GLONASS,  GPS,  and  GLONASS 
differential  pseudorange  solutions,  and  (ii)  to  compare 
the  differential  pseudorange  and  phase  smoothed  [4] 
differential  pseudorange  accuracies,  particularly  for 
GLONASS.  The  smoothing  was  performed  using  a 


The  baseline  was  just  over  10  km  and  a  0°  elevation 
mask  was  used.  Two  20  channel  Leeds 
GPS/GLONASS  receivers  were  used  which  measure 
LI  carrier  phase  and  C/A  code  phase  fi'om  all  satellites 
in  view.  Both  antennas  were  placed  in  areas  where 
high  multipath  might  be  expected  due  to  local 
obstructions.  Trimble  broadband  kinematic  anteimas 
were  used  to  obtain  both  the  GPS  and  GLONASS 
frequencies. 


Figure  6  Maximum  number  of  GPS/GLONASS 
satellites  available  with  10°  elevation  mask 

The  truth  in  this  test  was  provided  using  two  Trimble 
SSEs.  At  each  end  of  the  baseline  a  single  antenna  was 
used  and  the  signal  was  split  between  a  Trimble  SSE 
and  a  Leeds  receiver.  Therefore,  the  Trimble  SSE 
measurements  were  used  to  determine  the  vector 
between  the  phase  centres  of  the  two  antennas.  The 
baseline  vector  was  calculated  using  the  Trimble 
WAVE  software.  Only  LI  phase  measurements  and 
C/A  code  phase  were  used  for  the  Trimble  solution 
because  the  antenna  was  not  specifically  designed  to 
receive  observables  at  the  L2  frequency  and  the  quality 
of  the  L2  observables  could  not  be  guaranteed. 
Approximately  20  minutes  of  data  was  taken  which 
was  easily  sufficient  to  obtain  an  LI  ambiguity  fixed 
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solution  from  the  WAVE  software  with  a  coordinate 
precision  of  approximately  1cm. 

A  previous  test  on  a  static  baseline  has  been  carried  out 
at  Leeds  [3].  The  baseline  was  approximately  278  km 
and  a  10  chaimel  receiver  was  used.  Apparent  average 
coordinate  accuracies  of  about  a  metre  were  observed 
with  a  differential  GPS/GLONASS  solution.  However, 
the  supplied  coordinate  truth  could  not  be  verified. 

The  data  from  the  Leeds  receivers  was  processed  six 
times  using  GPS/GLONASS,  GPS,  and  GLONASS 
data  with  and  without  phase  smoothing.  The  average 
offsets  (in  WGS84  X,Y  and  Z)  between  the  derived 
epoch  by  epoch  differential  positions  and  the  Trimble 
carrier  phase  solution  are  shown  in  Table  1.  The 
offsets  of  the  smoothed  and  unsmoothed  solutions  are 
approximately  the  same.  The  GPS  offsets  in  X,  Y  and 
Z  are  all  within  0.5  metres  and  compare  very  well  with 
the  Trimble  GPS  pseudorange  solution.  The 
GPS/GLONASS  offsets  are  greater  in  X  and  Z.  This  is 
due  to  the  contribution  of  the  GLONASS  satellites  as 
can  be  seen  from  the  differential  GLONASS  offsets  in 
X  and  Z. 

The  GLONASS  offsets  may  be  due  to  a  number  of 
reasons,  most  likely  differing  receiver  delays  between 
the  different  GLONASS  frequencies,  or  multipath 
which  has  a  greater  effect  on  GLONASS  code  phase 
because  of  the  lower  chipping  rate.  Because  the 
GLONASS  frequencies  are  different  the  signals  have 
different  signal  delays  within  the  analogue  sections  of 
the  receiver.  These  can  be  calibrated  but  they  will  vary 
due  to  structural  changes  in  the  filters  and  with 
temperature.  The  receivers  used  in  this  test  have  not 
been  calibrated  recently  and  were  at  widely  varying 
temperatures  with  the  reference  receiver  being  in  the 
laboratory  and  the  other  receiver  being  housed  in  a 
vehicle  on  a  very  hot  day.  The  next  generation  of 
receivers  at  Leeds  have  been  designed  to  minimise  the 
differential  delay  problem. 

There  might  also  be  an  error  contribution  from  the 
different  GPS  and  GLONASS  coordinate  systems.  No 
attempt  has  been  made  to  account  for  the  difference  in 
these  tests.  The  difference  between  the  offsets  in  Y  for 
the  phase  smoothed  GPS/GLONASS,  GPS,  and 
GLONASS  solutions  is  shown  in  figure  7. 

The  standard  deviations  in  X,  Y  and  Z  are  shown  in 
Table  2.  Clearly  the  standard  deviations  of  the 
smoothed  solutions  are  much  better  than  the  non- 
smoothed  solutions.  The  difference  between  the 
GLONASS  solution  and  the  phase  smoothed  solution  in 
Y  are  shown  in  Figure  8.  The  phase  smoothed  solution 
has  been  offset  by  exactly  10  metres  to  aid 
presentation.  After  the  usual  initial  transient  before  the 
filter  takes  effect  the  improvement  in  the  noise  is 
obvious.  Additionally,  the  effect  of  multipath  can  be 
seen.  The  GLONASS  phase  noise  is  greater  than  GPS 


because  the  code-phase  measurement  is  inherently  less 
precise  because  of  the  lower  chipping  rate  of  the 
GLONASS  C/A  code  phase.  As  stated  before,  the 
GLONASS  code  phase  is  therefore  more  susceptible  to 
multipath. 


Figure  7  Difference  in  Y  between  the 
GPS/GLONASS,  GPS  and  GLONASS  solutions  and 
the  LI  carrier  phase  solution 


Figure  8  Difference  in  Y  of  GLONASS  smoothed  and 
unsmoothed  solutions  and  LI  carrier  phase  solution 
(smoothed  solution  is  offset  by  exactly  10  m  for 
presentation) 

GPS/GLONASS  VEHICLE  POSITIONING  TEST 

The  aims  of  the  GPS/GLONASS  vehicle  positioning 
test  were: 

(1)  to  determine  the  advantage  of  combining  GPS  and 
GLONASS  in  an  application  where  satellite 
availability  is  a  problem, 

(2)  to  determine  the  suitability  of  equipment  and 
software  developed  at  Leeds  for  differential  vehicle 
positioning, 

(3)  to  examine  the  performance  of  the  system  in  two 
different  environments,  urban  and  semi-urban. 

In  urban  areas  satellite  masking  by  nearby  buildings, 
trees  and  other  vehicles  is  a  great  problem.  Often  only 
satellites  with  high  elevations  can  be  observed.  When 
there  are  fewer  than  4  satellites,  for  GPS  only,  3D 
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Table  1  Average  offset  in  X,  Y  and  Z  between  GPS/GLONASS,  GPS  and  GLONASS  solutions  and  LI  carrier 
phase  solution  (sm  =  phase  smoothed) 


Std.  in  X  (m) 

Std.  in  Y  (m) 

Std.  in  Z  (m) 

GNSS  (sm) 

0.52 

0.45 

0.81 

GNSS 

1.64 

1.35 

3.15 

GPS  (sm) 

0.58 

0.52 

0.81 

GPS 

2.24 

1.55 

4.03 

GLONASS  (sm) 

0.28 

0.72 

0.88 

GLONASS 

2.49 

2.70 

3.99 

Table  2  Standard  deviation  in  X,  Y  and  Z  of  the  difference  between  the  GPS/GLONASS,  GPS  and  GLONASS 
solutions  and  the  LI  carrier  phase  solution  (sm  =  phase  smoothed) 


Table  3  Percentage  3D  position  coverage  of  vehicle  journey  time  in  urban  and  semi-urban  areas 


positioning  is  not  possible  without  using  other  sensors 
or  fixing  the  height.  It  should  be  noted  that  the  purpose 
of  the  tests  was  not  to  produce  a  usable  in-car 
navigation  system,  which  would  obviously  require 
integration  with  other  systems.  The  purpose  is  to 
compare  the  percentage  of  time  that  3D  differential 
positioning  is  possible  with,  and  without,  combining 
GPS  and  GLONASS.  This  would  determine  the 
potential  of  GPS/GLONASS  positioning  as  a 
component  of  an  in-car  navigation  system. 


An  initial  test  had  been  carried  out  [3]  using  a  10 
channel  Leeds  receiver  mounted  in  the  vehicle. 
Although  there  was  an  improvement  when  GLONASS 
was  used  as  well  it  was  limited  because  only  3 
channels  were  used  for  GLONASS  satellites. 
Additionally,  only  16  GLONASS  satellites  were 
available  at  the  time. 

As  well  as  increased  satellite  availability  the  increase 
in  the  number  of  satellites  with  GLONASS  should 
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improve  the  PDOP  of  the  solution  compared  to  GPS. 
As  so  much  of  the  sky  is  masked  in  urban  areas  it  is 
likely  that  if  fewer  satellites  are  visible  they  will  not 
have  a  very  good  geometry.  It  should  be  noted  that 
with  GPS/GLONASS  positioning  there  is  an  extra 
unknown  in  the  solution,  the  GLONASS  clock  term, 
which  will  also  affect  the  DOP  values. 

Test  Description 

The  test  was  performed  on  3.8.95  when  19  GLONASS 
satellites  were  available.  A  20  channel  receiver  was 
used  at  the  reference  point  and  another  20  channel 
receiver  was  used  on  the  vehicle.  Both  receivers 
recorded  single  frequency  C/A  code  and  LI  carrier 
phase  observables.  Two  Trimble  SSEs  were  also 
connected  to  the  same  antennas  in  the  same  way  as 
described  for  the  static  test  to  provide  a  position  truth. 
A  Trimble  broadband  kinematic  antenna  was  mounted 
on  the  vehicle  in  order  to  receive  signals  at  both  the 
GPS  and  GLONASS  frequencies.  The  reference 
receiver  had  a  Trimble  L1/L2  antenna  with  a  ground 
plane.  The  vehicle  used  was  a  van  with  the  kinematic 
antenna  mounted  on  top.  The  20  channel  receiver  was 
placed  in  a  rack  in  the  van  and  powered  by  a  12v  car 
battery  via  an  inverter.  The  receiver  was  connected  to 
a  486-laptop.  The  20  channel  reference  receiver  was 
connected  to  an  antenna  placed  on  the  roof  of  the 
Electronic  and  Electrical  Engineering  Department. 

The  satellites  were  selected  automatically  on  both  20 
channel  receivers  as  there  were  enough  channels  to 
record  data  from  all  satellites  in  view.  Data  was 
recorded  at  a  rate  of  one  per  second  from  all  satellites 
tracked. 

The  vehicle  was  driven  around  Headingley,  Leeds  for 
approximately  22  minutes  to  record  some  data  in  an 
urban  environment.  Then  the  vehicle  was  driven  along 
the  Leeds  ring  road  for  a  further  16  minutes  to  record 
some  data  in  a  semi-urban  environment.  The  route  of 
the  test  is  shown  in  Figure  9.  This  is  a  plot  of  the 
differential  GPS/GLONASS  position  of  the  vehicle  in 
eastings  and  northings.  The  gaps  in  the  data  are  where 
less  than  5  satellites  were  observed. 

Data  Processing  and  Results 

A  C/A  code  differential  solution  was  performed  with 
no  carrier  smoothing  for  each  of  the  GPS/GLONASS, 
GPS  and  GLONASS  solutions.  A  0°  elevation  mask 
was  used  to  obtain  as  many  satellite  as  possible.  The 
percentage  of  the  total  time  that  a  3D  position  solution 
was  determined  for  GPS/GLONASS  and  for  GPS  in 
urban  and  semi-urban  areas,  and  overall,  is  shown  in 
Table  3.  The  improved  results  with  GPS/GLONASS 
are  clear  and  significant.  The  improved  percentage  in 
urban  areas  is  approximately  1.5  times  as  great  with 
GPS/GLONASS  compared  to  just  GPS.  In  semi-urban 
areas  the  increase  is  smaller  but  still  significant  at  21  % 


of  the  total  time.  Overall,  an  increase  from  58%  to 
81  %  would  be  significant  when  using  GPS/GLONASS 
positioning  as  part  of  an  in-car  navigation  system. 


Figure  9  Plot  in  eastings  and  northings  of  vehicle  path 
in  urban  and  semi-urban  areas 


The  Leeds  receivers  were  not  originally  designed  for 
this  application  and  so  some  modifications  have  to  be 
made  which  will  improve  the  results.  In  particular,  it 
is  possible  to  speed  up  the  acquisition  of  satellites  after 
losing  lock  which  will  further  increase  the  coverage 
percentage. 

The  overall  number  of  satellites  available  during  the 
test  are  shown  in  Figure  10.  The  number  of  satellites 
is  only  plotted  when  there  are  greater  than  5  satellites. 
The  periods  with  less  than  5  are  shown  by  diagonal 
lines  on  the  plot.  The  average  number  of 
GPS/GLONASS  satellites  is  8  with  a  maximum  of  13. 
With  GPS  alone  the  average  is  about  4  with  a 
maximum  of  7.  The  average  number  of  GLONASS 
satellites  is  between  3  and  4  reflecting  the  lower 
number  of  satellites  at  that  time.  The  GPS/GLONASS 
PDOP  during  the  test  is  shown  in  Figure  1 1 . 


GPS  time  (seconds) 


Figure  10  Number  of  visible  GPS/GLONASS,  GPS 
and  GLONASS  satellites  during  vehicle  journey 
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Figure  11  PDOP  values  for  GPS/GLONASS 
throughout  vehicle  journey 


The  accuracy  of  the  epoch  by  epoch  position  solution 
during  the  test  was  determined  from  an  LI  carrier 
phase  solution  processed  sing  the  On-The-Fly 
ambiguity  resolution  option  from  the  Trimble  WAVE 
software.  However,  because  there  are  many  short 
periods  of  data  to  be  processed  it  was  not  always 
possible  to  resolve  the  ambiguities  which  produces  a 
less  precise  solution. 

A  comparison  of  the  height  component  determined 
from  the  GPS/GLONASS  solution  and  the  Trimble 
carrier  phase  solution  is  shown  on  Figure  12.  The  plot 
is  of  the  offset  between  the  two  solutions.  It  can  be 
seen  that  the  offset  can  be  quite  large  due  to  (i)  the 
large  VDOPs  experienced  when  satellite  masking  was 
bad,  and  (ii)  the  fact  that  satellite  measurements  were 
used  down  to  0°  elevation  to  maximise  the  number  of 
satellites  seen.  This  means  that  pseudoranges  with  large 
multipath  errors  could  be  obtained.  The  mean  offset  is 
1 .05m  and  the  standard  error  is  6.01m. 


Figure  12  Difference  in  height  between 
GPS/GLONASS  solution  and  LI  carrier  phase  solution 

POLAR  FLIGHT  TEST 

Differential  positioning  using  two  20  channel  receivers 
was  also  tested  in  a  flight  environment  in  June  of  this 


year.  The  aims  of  the  test  were: 

(1)  to  analyze  the  performance  of  the  receiver  in 
flight  dynamics, 

(2)  to  look  at  the  satellite  availability  in  the  polar 
region, 

(3)  to  look  at  the  differential  positioning  accuracy  of 
a  moving  vehicle  over  very  long  distances. 

The  mobile  20  channel  receiver  was  placed  on  board 
an  RAF  flight  from  RAF  Brize  Norton  in  England  to 
the  North  Pole  via  Thule  in  Greenland.  The  reference 
20  channel  receiver  was  at  Leeds  throughout  the  whole 
flight.  LI  carrier  phase  and  C/A  code  data  was  taken 
at  a  IHz  rate  from  all  GPS  and  GLONASS  satellites  in 
view.  Data  was  taken  for  the  whole  trip  from  England 
to  Thule,  then  on  a  return  trip  from  Thule  which 
passed  over  the  North  Pole,  and  finally  from  Thule 
back  to  England.  The  flight  path  above  89°  latitude 
and  over  the  North  Pole  is  shown  in  latitude  and 
longitude  in  Figure  13. 

90 


Differential  data  was  successfully  recorded  over  the 
pole.  There  are  a  number  of  outages  after  the  polar 
crossing  which  were  caused  by  technical  failures  due 
to  the  high  temperatures  experienced  at  the  receivers 
position  on  the  plane.  This  version  of  the  receiver  has 
not  been  designed  to  work  over  a  very  large 
temperature  range.  After  this  part  of  the  flight  the 
receiver  was  moved  and  no  further  problems  were 
experienced. 

The  number  of  satellites  visible  for  GPS/GLONASS, 
GPS,  and  GLONASS  differential  solutions  is  shown  in 
Figure  14.  It  should  be  noted  that  the  number  is  the 
number  of  jointly  visible  satellites  from  both  Leeds  and 
the  North  Pole.  The  plane  passed  over  the  pole  at 
15:48:28  hours  when  8  GPS  satellites  were  visible  and 
5  GLONASS.  A  maximum  of  13  satellites  were 
observed  with  a  maximum  of  8  GPS  satellites  and  6 
GLONASS  satellites.  The  outages  were  for  the  reasons 
described  above.  An  elevation  mask  of  0°  was  used. 
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station  was  over  3600  km  away  at  Leeds! 


GPS  system  time  [Hours  past  midnight  9/6/95] 


Figure  14  Number  of  GPS/GLONASS,  GPS  and 
GLONASS  satellites  visible  during  flight  over  North 
Pole  (co-visible  with  Leeds) 

The  increase  in  number  of  satellites  available  would  be 
significant  for  performing  integrity  analysis,  eg  RAIM 
tests. 

An  analysis  of  the  GPS/GLONASS  position  accuracy 
has  been  carried  out.  Trimble  Navigation  (UK)  have 
kindly  supplied  Leeds  with  position  information 
obtained  from  an  ionospherically  free  carrier  phase 
solution  using  their  own  receivers.  The  Trimble 
reference  station  was  at  Thule  so  a  comparison  with  the 
Leeds  solution  with  a  reference  station  in  England  can 
only  be  approximate!  A  plot  of  the  height  difference 
between  the  Leeds  differential  GNSS  solution  and  the 
TRIMBLE  solution  during  and  after  a  take  off  from 
Thule  is  shown  in  the  lower  plot  in  Figure  15.  The  top 
plot  is  of  the  actual  height  of  the  aircraft. 


GPS  System  Time  [Hours  past  midnight  9/6/95] 


Figure  15  Height  of  aircraft  and  difference  in  height 
between  GPS/GLONASS  solution  and  carrier  phase 
solution 

An  accurate  comparison  of  the  heights  is  not  possible 
because  the  antennas  on  the  plane  were  not  coincident 
and  the  vector  between  the  reference  stations  (one  in 
Thule  and  one  in  Leeds)  is  not  accurately  known.  But 
the  results  indicate  that  the  two  solutions  do  not  widely 
differ,  especially  considering  that  the  Leeds  reference 


CONCLUSION 

This  paper  has  described  the  performance  of 
differential  smoothed  and  unsmoothed  GPS/GLONASS 
positioning  using  the  Leeds  20  chaimel  receiver.  The 
increased  GPS/GLONASS  satellite  availability  and  the 
differential  positioning  accuracy  has  been  described. 
Comparisons  with  GPS  and  GLONASS  alone  have 
been  given.  Examples  have  also  been  given  of  the 
performance  of  GPS/GLONASS  positioning  for  two 
applications,  vehicle  positioning  in  urban  areas  and 
flight  tests. 
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ABSTRACT 

Differential  techniques  have  been  used 
with  GPS  with  great  success  to  provide 
meter  and  even  submeter  accuracy.  The 
same  techniques  can  be  applied  to  the 
GLONASS  satellites,  which  will  be  fully 
deployed  by  the  end  of  1995.  Both  code 
and  carrier  differential  corrections 
can  be  generated  for  each  constellation 
and  individual  as  well  integrated 
navigation  solutions  can  be  calculated. 

The  RTCM-SC-104  has  formed  a  workgroup 
with  the  objective  of  defining 
differential  GLONASS  messages  similar 
to  their  GPS  counterparts.  In  close 
coordination  with  Russian  GLONASS 
representatives,  tentative  messages 
have  been  defined  and  will  be  briefly 
addressed  in  the  paper. 

3S  Navigation  receivers  providing 
single  frequency  GPS  C/A  code  and  dual 
frequency  GLONASS  C/A  and  P  code  were 
used  to  generate  differential 
corrections.  Issues  specific  to  GLONASS 
and  integrated  GLONASS /GPS  are 
discussed  and  initial  results  are 
presented. 
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1.0  INTRODUCTION 


3S  Navigation  has  been  involved  in  the 
development  of  integrated  GPS/GLONASS 
receivers  for  several  years  and  has 
published  several  papers  discussing  the 
advantages  of  using  both  constellations 
(Refs  1,2, 3, 4).  With  the  GPS 
constellation  fully  deployed  and  the 
GLONASS  constellation  expected  to  be 
completed  by  the  end  of  1995,  interest 
in  the  combined  use  of  both  systems  is 
growing.  Differential  GPS  has  been  used 
successfully  for  several  years  with 
most  receivers  supporting  the  RTCM-SC- 
104  standard  (Ref  5).  Over  the  last  few 
years,  differential  messages  suitable 
for  differential  GLONASS  and  combined 
GLONASS/GPS  applications  were  developed 
and  will  be  included  in  the  next 
version  of  the  standard  (version  2.2). 
A  brief  overview  is  provided  herein. 
The  paper  also  presents  differential 
results  for  both  code  and  carrier  phase 
measurements.  Two  types  of  receivers 
were  used  to  obtain  the  necessary  data. 
Both  are  PC-based  receivers,  providing 
extensive  outputs  and  user  interface 
capabilities.  The  10-channel  LI,  C/A 
code,  R-100/20  was  used  for  integrated 
GPS/GLONASS  code  differential  tests, 
while  the  10-channel  version  of  the 
dual  frequency,  C/A  and  P  code  GLONASS 
R-100/40  was  used  for  GLONASS  carrier 
phase  differential  tests. 

2.0  DIFFERENTIAL  OPERATIONS 

2.1  GPS 

The  RTCM-SC-104  Standard  (Ref  5) 
describes  specific  differential 
correction  messages  fore  both  code  and 
carrier  phase  GPS  measurements.  The 
primary  code  and  carrier  messages  are 
listed  in  Table  2.1. 

2.2  GLONASS 

The  RTCM-SC-104  standard  document  is 
currently  being  revised  to  address  the 
needs  of  the  entire  GNSS  community,  to 


include  GPS,  GLONASS  as  well  as  other 
potential  navigation  aids.  Messages 
defined  for  GLONASS  code  and  carrier 
corrections  are  listed  in  Table  2.2. 
Note  that  in  the  case  of  the  carrier 
phase  corrections,  the  same  message 
type  is  used  for  both  GPS  and  GLONASS. 
This  is  because  a  provision  was  made  in 
the  definition  of  these  messages  for  up 
to  64  satellites,  thereby  allowing  to 
differentiate  the  GPS  and  GLONASS 
constellations . 


TABLE  2.1  PRIMARY  GPS  DIFFERENTIAL 
MESSAGES 

TYPE  No  TYPE 

1  Differential  GPS  Corrections 

3  GPS  Reference  Station  Param. 

5  GPS  Constellation  Health 

6  GPS  Null  Frame 

7  DGPS  Radiobeacon  Almanac 

9  GPS  Partial  Correction  Set 

16  GPS  Special  Message 

18  RTK  Uncorrected  Carr.  Phases 

19  RTK  Uncorrected  Pseudoranges 

20  RTK  Carrier  Phase  Corrections 

21  RTK  Pseudorange  Corrections 


TABLE  2.2  PRIMARY  GLONASS  DIFFERENTIAL 
MESSAGES 

TYPE  No  TYPE 

31  Differential  GLONASS  Correct. 

32  GLONASS  Ref.  Station  Param. 

33  GLONASS  Constellation  Health 

34  GLONASS  Partial  Correct.  Set 
GLONASS  Null  Frame 

35  DGLONASS  Radiobeacon  Almanac 

36  GLONASS  Special  Message 

18  RTK  Uncorrected  Carr.  Phases 

19  RTK  Uncorrected  Pseudoranges 

20  RTK  Carrier  Phase  Corrections 

21  RTK  Pseudorange  Corrections 
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2.3  Integrated  GPS/GLONASS 

Differential  operations  using' both  GPS 
and  GLONASS  satellites  are  possible. 
There  are  two  issues  to  keep  in  mind 
while  combining  measurements  from  both 
constellations.  The  first  one  relates 
to  the  use  of  different  datums  by  both 
systems,  specifically  WGS-84  for  GPS  vs 
SGS-90  for  GLONASS.  The  second  issue 
relates  to  the  different  time 
references.  GPS  time  "follows” 
UTC(USNO)  but  without  leap  seconds 
adjustments,  and  GLONASS  time  "follows” 
UTC(SU)  with  leap  seconds  adjustments. 
Excluding  the  leap  seconds,  a  typical 
GPS  to  GLONASS  system  time  difference 
is  on  the  order  of  17  microsecond,  with 
GLONASS  time  ahead  of  GPS  time.  UTC{SU) 
is  typically  ahead  of  UTC(USNO)  by  5.4 
microsecond. 

The  different  datums  issue  is  best 
handled  by  maintaining  two  separate 
reference  receiver  position  solutions, 
one  in  each  datum  and  processing  each 
constellation  corrections  in  its 
respective  datum.  This  offers  the 
additional  advantage  that  the 
corrections  are  usable  by  both  single 
constellation  receivers  and  dual 
constellation  receivers.  The  dual 
constellation  user  receiver  will  have 
to  take  care  of  the  dual  datum  problem, 
as  it  must  already  do  in  the  stand¬ 
alone  mode  anyway. 

The  reference  receiver  clock  bias 
contribution  to  the  differential 
corrections  is  usually  not  a  problem  in 
differential  GPS  operations,  as  this 
bias  is  simply  added  to  the  user 
receiver  clock  bias  and  does  not  affect 
navigation  accuracy.  For  integrated 
GPS/GLONASS  operations,  since  a 
different  bias  is  contributed  to  the 
GPS  and  GLONASS  corrections,  the 
corrections  have  to  be  handled 
carefully  by  the  user  receiver.  The 
preferred  way  is  for  the  receiver  to 
maintain  separate  GPS  and  GLONASS 
estimates  of  the  clock  errors.  Another 
possibility  is  to  include  a  GPS-to- 
GLONASS  time  bias  in  the  differential 
data.  However,  any  error  in  this  bias 


will  degrade  the  accuracies  of  the 
corrections  and  therefore  of  the 
ultimate  navigation  solution.  Since  the 
number  of  satellites  in  view  should  not 
be  an  issue,  solving  for  two 
independent  biases  is  a  safer  approach 
avoiding  contaminating  GLONASS  with  SA 
effects. 

3.0  DIFFERENTIAL  TESTS 
3.1  Receivers 

The  receivers  used  for  the  differential 
tests  are  manufactured  by  3S 
Navigation. 

The  R-100/20  is  a  single  frequency,  10- 
channel  C/A  code,  GPS/GLONASS 
navigation  receiver.  The  R-100/40  is  a 
dual  frequency,  4  channel,  GLONASS  C/A 
and  P  code  navigation  receiver.  For 
these  tests  the  R-100/40  was  expanded 
to  10  channels.  Two  R-100/20  and  two  R- 
100/40  were  used. 

Combined  processing  of  GPS  and  GLONASS 
signals  is  tightly  integrated  in  the  R- 
100  family  architecture.  When 
applicable,  individual  satellite 
tracking  channels  can  be  arbitrarily 
assigned  to  any  GPS  or  GLONASS 
satellite.  As  shown  schematically  on 
figure  3-1,  the  R-lOO  receiver  includes 
a  broadband  antenna,  an  RF/IF 
subsystem,  and  a  GPS/GLONASS  Digital 
Signal  Processor,  which  is  implemented 
on  an  IBM  PC  XT/AT-compatible  expansion 
board.  The  user  operates  the  receiver 
through  the  PC  host  computer  utilizing 
either  NMEA  0183-formatted  commands  or 
an  interactive  menu-style  user 
interface.  In  the  R-100/20,  hardware 
channels  are  allocated  for  processing 
up  to  6  GLONASS  or  6  GPS  C/A-code 
signals  in  the  LI  frequency  band,  or  6 
GLONASS  and  4  GPS,  5  GLONASS  and  5  GPS', 
or  3  GLONASS  and  6  GPS.  The 
Antenna/Preamp  assembly  includes  a 
circularly  polarized  LI,  or  L1/L2,  as 
appropriate ,  broadband  marine-grade 
antenna,  preselection  filter,  and  low 
noise  preamplifier.  The  assembly  is 
bolt  mountable  and  constructed  for  all- 
weather  use.  A  single  coaxial  cable 
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connects  the  assembly  to  the  RF/IF 
Unit,  Sufficient  gain  is  provided  to 
permit  cable  lengths  of  up  to  100  feet 
using  RG-223  coaxial  cable.  The  RF/IF 
unit  amplifies  and  filters  the  RF 
signal  from  the  antenna,  down  converts 
to  various  intermediate  frequencies 
(IF),  selectively  amplifies  the  desired 
spectra,  down  converts  to  near 
baseband,  and  digitizes  in-phase  and 
quadrature-phase  samples  at  17.5  MHz. 
The  LI  and  L1/L2  RF/IF  Units  synthesize 
their  own  10  MHz  reference  frequency  or 
optionally  accept  an  external  5  or  10 
MHz  input.  A  coupling  unit  at  the  input 
provides  DC  power  to  the  Antenna/PreAmp 
Assembly.  A  cable  connects  the  RF/IF 
Unit  to  the  GPS/GLONASS  Digital  Signal 
Processor.  The  R-100/20  GPS/GLONASS 
Digital  Signal  Processor  (DSP)  receives 
digital  samples  from  the  RF/IF  Unit  and 
continuously  tracks  multiple  GPS  and/or 
GLONASS  satellites.  It  tracks  phase  and 
frequency  errors  due  to  clock  drifts, 
satellite  Doppler,  receiving  platform 
motion  and  thermal  noise.  It  also 
provides  fast-sequencing  tracking.  It 
extracts  ephemeris  and  almanac  data 
from  satellite  data  messages  and 
transfers  separate  channels  of 
satellite  data  to  the  PC  host.  It 
occupies  two  standard  PC  expansion 
cards  which  plug  into  PC  8-bit  bus 


expansion  slots.  The  R-100/40  consists 
of  one  standard  PC  expansion  card  per 
channel,  providing  dedicated  parallel 
tracking.  Interchannel  delay 
calibration  is  performed  at  the  start 
of  the  tracking  session.  The  PC  Host 
Computer  provides  an  easy-to-operate 
user  interface.  It  controls  receiver 
operation  and  selects  healthy 
satellites  that  provide  best  solution 
geometry.  It  calculates  and  displays 
filtered  two-  or  three-dimensional 
position  and  velocity  as  well  as  time 
and  status  information.  Solutions  as 
well  as  error  estimates  and  satellite 
status  are  displayed  to  the  user, 
logged  to  the  PC  hard  disk,  and 
transferred  to  an  RS-232C  output  port. 
NMEA  0183  and  RTCM  SC-104  formats  are 
supported.  The  tracker  software  is 
downloaded  from  the  PC  to  the  Digital 
Signal  Processor  boards,  along  with  the 
Doppler  frequency  and  search  strategy 
to  be  used  by  the  tracker.  An  IEEE-488 
interface  between  the  host  computer  and 
a  customer-supplied  computer  is  also 
available  as  an  option.  For  accurate 
time  transfer  applications,  a  1  PPS 
output  as  well  as  synchronization  with 
a  1  PPS  input  are  available. 


FIGURE  3-1.  R-lOO  INTEGRATED  GPS/GLONASS  RECEIVER  ARCHITECTURE. 
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3.2  Code  Differential  Tests 


Zero  baseline  tests  were  conducted  at 
3S  navigation  offices  in  Laguna  Hills^ 
California  utilizing  two  separate  R- 
100/20  receivers  connected  to  the  same 
antenna.  Data  were  collected  on  9 
September  1994  from  21:32  to  21:55  UTC. 
Four  GLONASS  satellites  (slots  5^  6/ 
16,  and  21)  and  five  GPS  satellites 
(PRN  1,  17,  21,  and  28)  were  tracked. 
During  post-processing,  pseudorange 
measurements  from  one  of  the  receivers 
were  processed  to  generate  GPS  and 
GLONASS  differential  corrections  at  a 
one  Hz  rate.  These  corrections  were 
applied  to  the  measurements  of  the 
other  receiver,  after  proper 
extrapolation.  The  corrections  for  the 
GLONASS  and  GPS  measurements  are  shown 
in  figures  3-2  and  3-3,  respectively. 
For  GPS,  the  SA  effects  are  clearly 
visible  except  for  satellite  PRN  28 
which  is  not  SA-capable.  Integrated 
GLONASS/GPS  navigation  solutions  were 
generated  for  the  second  receiver  using 
first  the  uncorrected  measurements, 
then  the  differentially  corrected 
measurements.  Figures  3-4  and  3-5 
present  the  East-North  position  and 
velocity  errors,  respectively,  for  both 
the  baseline  and  differentially 
corrected  solutions.  HDOP  ranged  from 
1.2  to  1.5  during  the  test. 


Receiver  Time  (s) 

Differential  Correction  for  GLONASS  SVs. 
09  September  1994  at  3S  Navigation. 


FIGURE  3-2. 


GPS  Correction 


Differential  Correction  for  GPS  SVs. 
09  September  1994  at  3S  Navigation. 

FIGURE  3-3. 


511 


North  Velocity  Error  (m/s)  North  Position  Error  (m) 


GPS/GLONASS  Position 
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East  Position  Error  (m) 


Horizontal  Position  Error  using  Uncorrected 
k  Differentially  Corrected  Measurements.  09  Sept.  1994. 


FIGURE  3-4. 


GPS/GLONASS  Velocity  Error 


East  Velocity  Error  (m/s) 


Horizontal  Velocity  Error  using  Uncorrected 
k  Differentially  Corrected  Measurements.  09  Sept.  1994. 


3.3  Carrier  Phase  Differential 
Tests 

Two  ten-channel,  dual  frequency,  P  code 
GLONASS  R-100/40  receivers  were  used 
over  a  known  baseline  at  3S  Navigation 
in  Laguna  Hills,  California.  The 
baseline  was  as  follows: 

1.  East  :  0.838  meter 

2.  North:  23.395  meter 

3.  Up  :  0.051  meter 

Five  GLONASS  satellites  were 
continuously  and  simultaneously 

tracked  by  both  receivers  on  LI  and  L2 
and  code  and  accumulated  carrier  phase 
measurements  were  generated  for  both. 
One  satellite  switch  was  commanded  at 
both  receivers  during  the  tracking 
session. 

Data  were  collected  on  4  May  1995  from 
5:00  UTC  to  6:00  UTC.  The  satellites 
tracked  were  (slot/frequency)  03/21, 
04/12,  12/22,  14/09,  18/10,  19/03. 

The  following  processing  was  performed: 

The  carrier  phase  measurement  can  be 
represented  as: 

0=R+c ( 5tue-5tsv) -iono+tropo+Nr 
where : 

R  is  the  range  to  the  satellite  in 
meters 

c  is  the  speed  of  light 

5tue  is  the  receiver  clock  bias 

5tsv  is  the  satellite  clock  bias 

iono  is  the  ionospheric  delay 

tropo  is  the  tropospheric  delay 

Nr  is  the  integer  carrier  cycle 

ambiguity 

A  residual  can  be  formed  by  subtracting 
from  0,  estimates  for  R  and  c5tsv,  or 


FIGURE  3-5. 


^res~^'*’^est'^^^^®^est 


512 


^Rerr***^  (  6tue-5tsVgj.j^ )  -iono+tropo+Nr 

where  the  err  subscript  is  the 
remaining  error. 


If  NO  is  the  integer  number  of  cycles 
in  the  initial  carrier  phase  residual 
0resO'  we  have,  after  reducing  the 
residual  by  NOR: 


^res“^  ^0^“'^est**^^^^®^est 

=Rerr”**^  ( ^^^®"^^®^err ) 

-iono+tropo+ ( N-Nq ) r 

By  applying  0res  to  the  carrier  phase 
measurements  of  another  receiver,  we 
obtain. 


'^res2='^’2~Rest2+‘=StsVest 

=^err2“^errl+<=  ( 5tue2-5tuei ) 

•“iono2  +  iono2+trop02“tropo^+  (N2~N3^+Nq  )  r 

Since  the  baseline  is  short,  we  assume 
common  values  for  both  the  ionospheric 
and  tropospheric  delays  at  both 
receivers,  and. 


‘t>res2= 

^err2”^errl'^^  ( 5tue2-5tue^ )  +  (N2-N2+NQ )  r 

The  receiver  clock  errors  are  common  to 
all  satellites  and  will  therefore 
appear  in  all  residuals. 

Clearly,  then,  <Px:es2  ^  measure 
of  the  error  in  the  receiver  baseline 
along  the  satellite  line  of  sight.  If 
the  baseline  is  correct,  the  residuals 
will  remain  constant  (  or  drift  at  the 
same  rate  for  all  satellites  due  to 
receiver  clock  drifts)  for  all 


satellites  as  a  function  of  time.  Any 
error  in  the  baseline  will  show  as 
unequal  drifts  in  the  satellites 
residuals. 

These  differentially  corrected  carrier 
phase  residuals  are  plotted  in  figure 
3-6,  using  the  known  surveyed  baseline. 
All  residuals  are  pretty  much  constant, 
thereby  verifying  the  accuracy  of  the 
baseline.  In  figure  3-7,  a  one  meter 
error  is  introduced  in  each  axis  of  the 
baseline.  The  unequal  drifts  clearly 
point  to  an  erroneous  baseline.  In 
figure  3-8,  a  5  cm  error  is  introduced 
in  one  axis  only.  Even  here,  the 
residual  curves  are  not  constant, 
thereby  again  pointing  to  an  erroneous 
baseline. 

The  above  results  indicate  the 
sensitivity  of  the  single  difference 
carrier  phase  residuals  to  baseline 
errors.  Obviously,  in  differential 
operations,  one  does  not  know  the 
baseline,  but  is  instead  trying  to 
determine  it.  The  results  presented 
herein  do  show  that  this  baseline  can 
be  determined  from  single  difference 
measurements  using  a  search  technique 
whose  goal  is  to  identify  the  baseline 
for  which  the  double  difference 
residuals  are  constant. 

For  the  correct  baseline,  all  residuals 
should  be  and  remain  at  zero  (to 
within  an  integer  number  of  cycles). 
This  is  not  the  case  in  the  data 
presented  here.  One  reason  might  be 
different  hardware  biases  for  different 
frequencies,  another  would  be  multipath 
effects.  More  work  is  needed  in  this 
area.  But,  as  long  as  they  are 
constant,  these  biases  will  not  affect 
our  ability  to  precisely  measure  the 
baseline.  Also  note  that  there  is  no 
need  to  measure  the  carrier  cycle 
ambiguities  in  order  to  determine  the 
baseline. 
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DIFFERENTIAL  CARRIER  PHASE  RESIDUALS 
CORRECT  BASELINE 
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TIME  (SEC) 

FIGURE  3-6.  DIFFERENTIAL  CARRIER  PHASE 
RESIDUALS  WITH  CORRECT  BASELINE. 
5  MAY  1995. 


DIFFERENTIAL  CARRIER  PHASE  RESIDUALS 
1.0  METER  ERROR  IN  EACH  AXIS 


TIME  (SEC) 


FIGURE  3-7.  DIFFERENTIAL  CARRIER  PHASE 
RESIDUALS  WITH  1.0  METER  ERROR 
IN  EACH  AXIS.  5  MAY  1995. 


DIFFERENTIAL  CARRIER  PHASE  RESIDUALS 
0.05  M  ERROR  IN  ONE  AXIS 


TIME  (SEC) 


FIGURE  3-8.  DIFFERENTIAL  CARRIER  PHASE 
RESIDUALS  WITH  0.05  METER  ERROR 
IN  ONE  AXIS.  5  MAY  1995. 


4,0  CONCLUSIONS 

Differential  code  and  carrier 
techniques  developed  for  GPS  can  be 
used  for  integrated  GPS/GLONASS 
operations.  The  next  version  of  the 
RTCM-SC-104  Standard  will  include 
messages  for  GLONASS  measurements.  The 
sensitivity  of  GLONASS  differential 
carrier  phase  residuals  to  baseline 
errors  was  shown  to  detect  an  error  of 
0.05  meter  in  one  axis  without  the  need 
to  resolve  the  carrier  cycle 
ambiguities  or  the  hardware  channel 
biases . 
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ABSTRACT 

Differential  GPS  (DGPS)  has  long  been  recognized 
as  a  very  cost-effective  testing  tool  to  evaluate  the 
position  and  velocity  accuracy  of  other  navigation 
systems.  Typical  Differential  GPS  operation  involves 
a  reference  station,  installed  at  a  precisely  surveyed 
location,  which  provides  pseudorange  corrections  to 
all  users  in  the  vicinity.  With  several  advances  in 
correlation  technology  and  multipath  reduction,  it  is 
believed  that  the  achievable  positioning  accuracy  of 
DGPS  is  on  the  order  of  a  meter. 

A  major  problem  associated  with  the  single  station 
DGPS  operation  is  that  the  accuracy  degrades  as  the 
separation  between  the  reference  station  and  user 
increases  due  to  spatial  decorrelation.  One  method 


to  overcome  this  problem  is  to  install  many  reference 
stations  so  that  users  spread  over  a  large  area  will 
always  be  in  close  proximity  to  a  reference  station. 
Obviously,  this  is  not  a  desirable  nor  feasible  solution 
for  areas  such  as  the  North  Atlantic  Ocean. 

The  objective  of  this  paper  is  to  describe  ARINC’s 
IGS-based  Differential  GPS  (AIDGPS)  system. 
AIDGPS  is  a  post-processed  Wide  Area  DGPS 
system  which  derives  its  corrections  from  data  from 
the  International  GPS  Service  (IGS)  for  Geodyna¬ 
mics.  The  IGS  routinely  provides  pseudorange  and 
carrier  phase  measurements  from  more  than  80  glob¬ 
ally  distributed  stations.  By  relying  on  the  IGS,  the 
AIDGPS  user  does  not  need  to  establish  a  unique 
reference  station  network.  Since  the  IGS  network  is 
comprised  of  dual-frequency  receivers,  AIDGPS  is 
able  to  measure  and  compensate  for  delays  due  to 
the  ionosphere. 

This  paper  will  introduce  the  AIDGPS  system  and 
describe  its  utilization  of  the  IGS.  Detailed  algorithms 
and  accuracy  performance  of  the  AIDGPS  system 
also  will  be  discussed. 


INTRODUCTION 

Differential  GPS,  as  described  by  numerous  other 
papers,  is  a  cost  effective  means  of  determining 
accurate  position  information.  At  the  heart  of  any 
DGPS  system  is  it’s  reference  station(s).  Local  Area 
DGPS  (LADGPS)  systems  rely  on  a  single  reference 
station  to  provide  DGPS  correction  data  to  the  users. 
The  potential  for  position  errors  increases  as  the 
distance  between  the  user  and  the  reference  station 
increases.  Wide  Area  DGPS  (WADGPS)  systems 
are  more  robust.  The  WADGPS  corrections  are 
based  on  the  output  of  several  reference  stations 
distributed  about  a  region.  Thus  WADGPS  errors  are 
minimized  throughout  the  area  of  interest. 
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This  paper  describes  the  ARINC  IGS-Based  Differen¬ 
tial  GPS  (AIDGPS)  system.  AIDGPS  creates  its 
WADGPS  correction  data  based  on  data  which  is 


obtained  from  the  International  GPS  Service  for  Geo¬ 
dynamics  (IGS).  The  IGS  provides  carrier  phase  and 
pseudorange  measurements  from  more  than  80  glo¬ 
bally  distributed  reference  stations.  IGS  data  is 
available  on  the  INTERNET. 

AIDGPS  is  a  post-processed  WADGPS  system  with 
a  significant  cost  benefit  over  other  DGPS  systems. 
That  cost  benefit  is  realized  through  the  elimination  of 
the  need  to  either  establish  or  subscribe  to  a  DGPS 
service.  Also,  AIDGPS  takes  advantage  of  the  IGS’s 
L1  and  L2  measurements,  thus  insuring  a  high 
degree  of  accuracy  over  the  user  defined  region. 

This  paper  will  briefly  describe  the  IGS  and  AIDGPS’s 
exploitation  of  the  IGS.  The  remainder  of  the  paper 
will  describe  the  results  of  field  testing  of  the  AIDGPS 
system  under  various  conditions. 


IGS  BACKGROUND 

The  International  Association  of  Geodesy  (lAG)  offi¬ 
cially  established  the  International  GPS  Service  for 
Geodynamics  on  January  1,  1994  [1].  The  primary 
objective  of  the  IGS  is  to  provide  precise  GPS  data 
products  for  geodetic  and  geophysical  research  activi¬ 
ties.  The  data  disseminated  by  the  IGS  consists  of: 

•  High  quality  orbits  for  all  GPS  Satellites 
(20  cm  accuracy) 

•  Earth  rotation  parameters 

•  LI  and  L2  phase  and  pseudorange  observa¬ 
tions  for  each  IGS  station 

•  IGS  site  information 

Each  IGS  station  consists  of  a  high-precision  dual¬ 
frequency  P-code  GPS  receiver  which  records  satel¬ 
lite  pseudorange  and  carrier  phase  measurements  at 
30  second  intervals.  Five  IGS  Operational  Data 
Centers  are  responsible  for  retrieving  each  station’s 
raw  data,  formatting  the  data  into  the  RINEX  [2] 
standard,  and  forwarding  the  data  to  the  Regional  or 
Global  Data  Centers.  The  Data  Centers  provide  the 
on-line  interface  for  the  user  community  to  retrieve 
the  IGS  data.  Data  for  most  IGS  stations  are  usually 
available  at  the  Data  centers  within  hours  of  GMT 
midnight  each  day. 


IMPLEMENTATION 

AIDGPS  determines  the  position  of  a  remote  GPS 
receiver  based  on  pseudorange  measurements  from 


the  remote  receiver,  corrected  by  AIDGPS  generated 
corrections.  The  remote  receiver  may  be  any  GPS 
receiver  capable  of  outputting  pseudorange  measure¬ 
ments.  AIDGPS  determines  the  pseudorange  correc¬ 
tion  data  by  processing  IGS  stations’  pseudorange 
obsen/ations,  ephemerides,  along  with  the  precisely 
surveyed  IGS  stations’  positions.  The  remote  GPS 
receiver’s  recorded  pseudoranges  are  compensated 
by  the  AIDGPS  correction  data.  AIDGPS  then 
computes  the  DGPS  position  solution. 

Since  the  major  source  of  position  error  for  differential 
GPS  is  due  to  ionospheric  decorrelation  [3],  the  iono¬ 
spheric  delay  is  estimated  and  compensated  for  by 
AIDGPS.  The  IGS  LI  and  L2  carrier  phases  and 
pseudoranges  are  filtered  to  produce  estimates  of  the 
delay.  The  measured  pseudoranges  are  then 
corrected  with  the  calculated  delays.  Although  not 
necessary,  the  satellite  clock  errors  are  derived  from 
the  recorded  ephemerides  and  then  used  to  compen¬ 
sate  the  pseudoranges.  This  is  performed  as  a 
reasonableness  check  on  the  computed  corrections 
since  variations  among  the  resulting  corrections 
should  be  approximately  at  the  level  of  Selective 
Availability  (SA). 

The  positions  of  the  IGS  stations’  antennas  are  used 
in  conjunction  with  satellite  ephemerides  to  obtain  the 
geometric  range  from  the  antennas  to  the  satellites. 
By  differencing  the  geometric  ranges  with  the  com¬ 
pensated  (for  ionospheric  delay  and  satellite  clock 
error)  pseudorange  measurements,  the  pseudorange 
corrections  are  obtained. 

The  pseudorange  corrections  are  found  for  all  satel¬ 
lites  tracked  by  the  IGS  stations  in  the  network  during 
the  time  interval  of  the  recorded  remote  GPS  receiver 
data.  The  network  is  defined  to  consist  of  whichever 
IGS  stations’  data  files  the  operator  has  chosen  to 
download  from  the  INTERNET.  However,  AIDGPS 
will  limit  the  network  to  only  those  IGS  stations  which 
track  at  least  one  satellite  in  common  with  the  remote 
GPS  receiver. 

The  IGS  observation  data  is  recorded  in  RINEX  files 
at  30  second  intervals.  Once  the  corrections  are 
determined,  a  cubic  spline  is  performed  to  yield  1  Hz 
corrections.  After  compensation  for  satellite  clock 
error  and  ionospheric  delay,  the  dominating  error 
source  is  SA.  To  validate  the  cubic  spline  generated 
1  Hz  corrections,  a  second  order  Markov  process 
was  used  to  model  SA  [4]  with  a  pseudorange  error 
of  1 7  meters  RMS.  It  was  found  that  the  error  con¬ 
tributed  by  the  cubic  spline  was  less  than  3.5%  of  the 
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total  random  error  in  the  correction  term.  From  this 
it  is  concluded  that  there  is  negligible  performance 
degradation  in  using  the  low  frequency  IGS  data  to 
estimate  higher  frequency  pseudorange  corrections. 
As  a  result  of  this  process,  1  Hz  pseudorange  correc¬ 
tions,  compensated  for  ionospheric  delay  and  satellite 
clock  error,  are  generated  for  every  satellite  tracked 
by  each  IGS  station  in  the  network. 

The  next  step  is  to  formulate  the  WADGPS  correc¬ 
tions  based  on  the  network’s  stations’  corrections. 
The  1  Hz  pseudorange  corrections  include  the 
receiver  biases  from  each  of  the  respective  stations. 
Inter-station  biases  are  estimated  in  order  to 
reference  all  corrections  to  one  time  base.  One 
station  is  selected  to  be  primary.  The  other  stations 
are  checked  to  find  any  satellite  tracked  in  common 
with  the  primary.  When  found,  the  average  of  the 
differences  in  the  corrections  for  common  satellites  is 
used  as  an  estimate  of  the  inter-station  clock  bias, 
which  is  then  subtracted  from  all  the  corrections  of 
the  station  under  consideration.  This  process  is 
repeated  until  all  possible  connections  to  the  primary 
station  are  exhausted.  For  example,  if  stations  A  and 
B  track  no  satellites  in  common,  but  stations  A  and  C 
have  common  satellites  as  do  stations  B  and  C,  then 
the  receiver  biases  for  stations  A  and  B  can  be 
related  through  C. 

After  the  receiver  bias  correlation,  the  network  of 
stations  is  partitioned  into  sets  with  no  satellites  in 
common.  Because  no  station  is  used  that  does  not 
track  at  least  one  of  the  remote  GPS  receiver’s  satel¬ 
lites,  all  stations  will  be  used  in  correcting  the 
recorded  pseudoranges.  Consequently,  there  will  be 
as  many  receiver  biases  to  estimate  as  there  are  sets 
in  the  partition.  This  imposes  the  condition  that  the 
number  of  sets  in  the  partition  plus  three  (three 
position  errors)  must  be  less  than  or  equal  to  the 
number  of  satellites  tracked  by  the  remote  GPS 
receiver.  For  example,  with  a  5  channel  remote 
receiver,  the  maximum  number  of  sets  in  the  partition 
would  be  two. 

Once  the  corrections  are  referenced  to  a  common 
time  frame,  a  weighted  average  of  corrections  to 
each  satellite  are  computed.  The  weighting  factor  is 
the  sine  of  the  elevation  angle  from  the  IGS  station  to 
the  satellite.  The  implicit  assumption  is  that  lower 
elevation  satellites  will  have  noisier  pseudorange 
measurements.  A  function  of  the  carrier-to-noise 
ratios  would  be  a  preferable  weighting  factor  but  the 
ratios  are  not  available  in  the  IGS  observation  files. 


Once  the  pseudorange  corrections  have  been  found, 
the  remaining  task  is  to  apply  the  corrections  to  the 
rennote  receiver’s  pseudoranges.  However,  those 
pseudoranges  include  ionospheric  delay  error. 
Therefore,  the  delay  must  be  estimated  and  compen¬ 
sated  before  application  of  the  network  corrections. 
The  ionospheric  delay  is  estimated  using  the  WAAS 
algorithms  [5][6]  with  the  exception  that  the  grid 
resolution  is  5  degrees.  Since  a  predictive  model  is 
required  for  the  algorithm,  the  ionospheric  delay 
model  defined  in  ICD-G  PS-200  [7]  is  implemented 
with  the  parameters  broadcast  in  the  navigation 
message.  The  stations  in  the  network  provide  alt 
measurements  that  are  used  by  the  WAAS  algorithm 
in  forming  the  grid  of  ionospheric  delays.  The  grid  is 
recomputed  every  two  minutes. 

The  remote  receiver  measured  pseudoranges  are 
compensated  for  ionospheric  delay,  derived  from  the 
WAAS  grid.  Since  it  not  known  a  priori  how  many 
sets  will  be  in  the  network  partition,  an  iterative  least 
squares  is  employed  to  estimate  the  position  errors 
and  remote/network  receiver  clock  bias  from  the  cor¬ 
rected  pseudoranges  and  satellite  positions.  With  n 
satellites  tracked  partitioned  into  sets  {1 , 2, ...,  k}  and 
{k+1 ,  k+2, ...,  n},  the  measurement  matrix  is  given  by: 
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where  u"’  is  the  user-to-satellite  line-of-sight  vector. 
With  the  initial  estimate  of  position  given  by  the 
uncorrected  navigation  solution  from  the  remote 
receiver,  and  a  clock  bias  of  zero,  the  estimated 
errors  are  found  iteratively  via 

hx.  =  Zj 
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where  by  abuse  of  notation,  ||  Xj  ||  represents  the  mag¬ 
nitude  of  the  position  vector  plus  the  appropriate 
estimate  of  clock  bias.  The  variable  Xj  is  the  4-tuple 
on  iteration  j  with  the  first  three  components  being  the 
ECEF  position  vector  of  the  airborne  receiver  and 
fourth  component  the  clock  bias  (or  5-tuple  with  two 
clock  bias  terms  if  there  are  two  partitions  of  the 
network). 


TEST  RESULTS 
Stationary  Tests 

To  validate  the  pseudorange  correction  and  position 
determination  calculations,  static  tests  were  used. 
The  initial  tests  of  AIDGPS  were  conducted  on  data 
collected  from  a  remote  GPS  receiver  with  its 
antenna  at  a  surveyed  position  on  the  ARINC 
laboratory  roof.  IGS  data  from  the  INTERNET  was 
collected  to  correct  the  GPS  data. 

Numerous  static  trials  under  varying  satellite  condi¬ 
tions  were  executed.  Statistical  results  of  a  few  of 
these  tests  are  given  in  Table  I. 

These  results  were  obtained  by  AIDGPS’s  processing 
of  data  from  a  five  channel  OEM  remote  GPS 
receiver.  The  AIDGPS  position  data  was  compared 
to  the  surveyed  position  of  the  remote  receiver's 
antenna.  No  data  smoothing  was  employed,  thus 
every  calculated  position  sample  was  independent. 

The  combined  three  dimensional  position  error 
standard  deviation  was  4.9  meters.  This  is  typical  of 
what  is  normally  seen  with  a  DGPS  system  and 
certainly  better  than  the  uncorrected  three 
dimensional  position  error  standard  deviation  of 
nearly  60  meters. 


Low  Dynamic  Tests 

To  prove  AIDGPS  in  a  dynamic  environment, 
ARINC’s  1 988  Buick  station  wagon  was  drafted  as  a 
test  bed.  A  laptop  computer  was  connected  to  a 
GPS  receiver  for  the  purpose  of  collecting  pseudo¬ 
range  and  ephemeris  data.  The  GPS  receiver’s 
antenna  was  mounted,  via  magnet,  on  the  roof  of  the 
test  bed. 

ARINC’s  Sub-Centimeter  Offset  Recording  Equipment 
(SCORE)  was  employed  as  the  ’truth’  source. 
SCORE  is  a  kinematic  carrier  phase  tracking  system 
for  high  precision  trajectory  determination  [8].  The 
SCORE  GPS  receiver’s  antenna  was  also  mounted 
on  the  roof  of  the  test  bed  via  magnet. 

The  test  bed  was  driven  around  Fiesta  Island  in 
Mission  Bay  in  San  Diego  ten  times  at  a  relatively 
constant  speed.  The  island  has  a  paved  roadway 
around  its  perimeter  of  about  four  miles  in  length. 
Fiesta  Island  was  chosen  as  a  ’test  range’  because 
of  its  proximity  to  the  ARINC  office  and  the  fact  that 
there  is  no  terrain  masking.  The  ten  circuits  of  the 
island  were  executed  to  verify  the  repeatability  of  the 
AIDGPS  results. 

Figure  I  was  generated  by  plotting  the  uncorrected 
horizontal  GPS  position  data  on  a  horizontal  plane. 
Note  the  random  effects  of  Selective  Availability 
caused  the  circuits  of  the  island  to  be  non-over- 
lapping. 

Figure  II  was  generated  by  plotting  the  horizontal 
AIDGPS  position  data  on  a  horizontal  plane.  At  this 
scale  the  individual  circuits  of  the  island  are 
indistinguishable. 


Table  I  Static  Test  Results 


Date 

No.  of 
Samples 

East 

Bias/Sigma 

North 

Bias/Sigma 

Vertical 

Bias/Sigma 

March  16 

2203 

0.2/2.0  M 

0.0/1 .9  M 

-1 .5/3.6  M 

March  27 

1033 

0.6/2.0  M 

-0.6/2.1  M 

-2.2/3.8  M 

March  28 

909 

0.0/3.6  M 

-1 .4/2.7  M 

-0.8/3. 1  M 

March  29 

1053 

0.0/1 .7  M 

-1 .6/2.1  M 

1. 6/4.5  M 

March  30 

1170 

0.8/1 .9  M 

-0.4/2.3  M 

-1 .4/3.8  M 
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Latitude  us  Longitude 
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Figure  I.  Low  Dynamics,  Uncorrected 
Horizontal  Trajectory 


Latitude  us  Longitude 


Long i tude 
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Figure  II.  Low  Dynamics,  AIDGPS 
Horizontal  Trajectory 

Comparisons  of  the  AIDGPS  position  data  to  the 
SCORE  truth  position  data  are  shown  in  the  following 
figures.  Figure  III  is  a  plot  of  the  horizontal  position 
error  during  ten  circuits  of  the  island.  Figure  IV  is  a 
plot  of  the  vertical  position  error  during  the  same  time 
period. 

The  standard  deviations  of  the  horizontal  and  vertical 
position  errors  were  2.4  and  2.3  meters,  respectively. 

Medium  Dynamic  Tests 

To  prove  AIDGPS  at  higher  dynamics,  data  was  col¬ 
lected  from  a  remote  GPS  receiver  installed  in  the 
cockpit  of  a  Grumman  Tiger  aircraft.  SCORE  was 
again  used  as  the  truth  source.  Figure  V  is  a  plot  of 


r*CA  •  Moi*lioot*l  Error  Plot 
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Figure  III.  Low  Dynamics,  AIDGPS 
Horizontal  Position  Error 
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Rgure  IV.  Low  Dynamics,  AIDGPS 
Vertical  Position  Error 

the  height  of  the  aircraft  during  the  test.  As  shown  in 
the  plot,  the  pilot  took  off,  climbed  to  1,400  feet, 
circled  the  airport,  descended,  executed  a  ’touch  and 
go’,  circled  the  airport  again,  descended  again, 
executed  another  ’touch  and  go’,  circled  the  airport  a 
final  time,  and  landed. 

Comparisons  of  the  AIDGPS  position  data  to  the 
SCORE  truth  position  data  are  shown  in  the  following 
figures.  Figure  VI  is  a  plot  of  the  horizontal  position 
error  during  the  course  of  the  flight.  Figure  VII  is  a 
plot  of  the  vertical  position  error  during  the  same  time 
period. 

The  standard  deviation  of  the  horizontal  and  vertical 
errors  were  3.7  and  4.4  meters,  respectively.  In  com- 
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Figure  V.  Medium  Dynamics,  Vertical 
Trajectory 


pen  -  Uwrllcitl  Push  Ion  Error  Plot 


OPS  Tin*  Of  <TOM>  In  S«con<lm 

Figure  VI  Medium  Dynamics,  Horizontal 
Position  Error 


paring  these  plots  to  the  low  dynamics  test  results,  it 
is  apparent  that  this  data  is  more  noisy.  This  is 
because  this  set  of  data  had  a  PDOP  of  about  four 
as  compared  to  a  PDOP  of  about  three  experienced 
during  the  low  dynamics  testing.  The  poorer  PDOP 
was  due  to  the  restricted  satellite  visibility 
experienced  by  the  remote  receiver  mounted  in  the 
aircraft’s  cockpit. 


APPLICATIONS 

AIDGPS  will  be  utilized  to  assess  the  feasibility  of 
reducing  the  Vertical  Separation  Minimum  (VSM)  of 
aircraft  over  the  North  Atlantic  above  flight  level  (FL) 
290  [9].  The  FAA  and  ICAO  are  in  the  process  of 
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Figure  VII.  Medium  Dynamics,  Vertical 
Position  Error 

implementing  guidelines  for  reducing  the  vertical 
separation  of  aircraft  over  North  Atlantic  (NAT)  air¬ 
space.  This  effort,  called  the  Reduced  Vertical 
Separation  Minimum  (RVSM),  will  reduce  the  vertical 
separation  of  aircraft  from  the  current  2000  foot 
minimum  to  a  1000  foot  minimum  between  FL  290 
and  FL  410,  inclusive.  Prior  to  implementation  of  the 
RVSM,  the  FAA  and  ICAO  wish  to  monitor  the  height 
keeping  performance  of  a  large  sample  of  commercial 
and  general  aviation  flights. 

To  gather  the  necessary  GPS  observables,  GPS 
Monitoring  Units  (GMUs)  are  non-intrusively  installed 
on  the  aircraft.  The  GMUs  have  two  antennas  which 
are  attached  to  windows  on  opposing  sides  of  the 
cockpit.  The  GMU’s  GPS  receiver  is  connected  to  a 
notebook  personal  computer  which  records  pseudo¬ 
range  and  ephemeris  data.  The  GMU  data  files  are 
processed  by  AIDGPS  to  determine  the  absolute 
height  of  the  aircraft  during  flight.  Atmospheric  data 
will  be  used  to  allow  the  comparison  of  the  absolute 
height  information  to  the  reported  pressure  altitude  of 
the  aircraft. 


CONCLUSION 

The  results  presented  here  were  obtained  from  the 
processing  of  data  from  a  five  channel  OEM  GPS 
receiver.  Better  results  would  be  expected  when 
using  an  all-in-view  receiver.  AIDGPS,  also  has  the 
ability  to  smooth  the  pseudorange  data,  however  that 
feature  was  turned  ’off’  during  the  processing  of  this 
data.  Even  without  data  smoothing,  the  standard 
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deviation  of  AlDGPS’s  output  position  error  is 
generally  less  than  5  meters. 

AIDGPS  is  a  cost  effect  post-processed  differential 
GPS  tool.  This  unique,  reconfigurable  tool  may  be 
adapted  to  provide  WADGPS  coverage  virtually  any¬ 
where  on  the  globe.  The  utilization  of  data  from  the 
IGS  makes  the  tool  geographically  portable.  Also, 
AIDGPS  is  able  to  process  GPS  pseudorange  observ¬ 
ables  from  a  variety  of  GPS  receivers,  thus  AIDGPS 
is  not  dependent  on  a  particular  manufacturer’s 
product. 

Obviously,  AIDGPS  is  a  post-processed  system, 
therefore  it  is  not  effective  for  real-time  applications. 
However,  for  applications  not  requiring  immediate 
position  reporting,  the  flexibility  of  AIDGPS  makes  it 
an  attractive  alternative  for  many  DGPS  applications. 
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ABSTRACT 

The  successful  implementation  of  a  seamless, 
DGPS-based  airport  navigation,  control  and  management 
system  is  dependent  on  the  successful  integration  of 
avionics  and  Air  Traffic  Management  (ATM) 
technologies.  Differential  GPS  (DGPS)  position, 
velocity  and  time  (PVT)  data  can  provide  pilots  with 
world- wide,  all-weather  navigation  capabilities, 
including  forms  of  precision  approach,  taxi  and 
departure  guidance.  An  integrated  data I ink  can  give 
all  participants  a  dynamic  view  of  the  airspace  (or 
airport  surface)  and  provide  the  ATM  system  with  the 
inputs  it  needs  to  manage  air  and  ground  traffic 
safely  and  efficiently.  Using  common,  safety- enhancing 
algorithms,  GPS  and  data I  ink  can  provide  improved 
benefits  to  the  vast  majority  of  aviation  system  users 
and  operators. 

To  maximize  the  strength  and  versatility  of  an 
integrated  GPS- based  airport  system,  international 
standards  are  required  for  navigation,  geodesy, 
avionics,  and  datalink(s).  The  first  step  in 
developing  these  standards  is  the  definition  of 
high-level  operational  requirements  for  seamless 
airport  operations. 

This  paper  describes  a  set  of  key,  high-level 


operational  requirements  for  a  DGPS-based  airport 
navigation,  control  and  management  system.  The 
requirements  are  translated  into  a  specific  technology 
implementation  utilizing  GPS  and  data I ink.  The 
concepts  presented  here  are  based  on  the  real  time 
test  activities  conducted  by  DSDC  at  the  Manchester, 
NH  airport. 


OPERATIONAL  PERSPECTIVES 

There  is  a  clear  consensus  throughout  the  aviation 
industry  that  terminal  area  operations  must  be 
enhanced  in  order  to  meet  the  rising  demands  for  air 
service.  To  achieve  the  FAA's  stated  goals  of  a  15 
percent  reduction  in  average  taxi -in  and  taxi -out 
delays  and  an  80  percent  reduction  in  runway 
incursions,  automation  aids  are  being  sought  which 
will  improve  airport- wide  operations. 

It  is  critical  that  the  airport  automation  system  be 
architectured  to  provide  seamless,  4-D  terminal 
operations  which  can  provide  a  smooth  transition  to 
and  from  en  route  airspace.  Surface  automation 
should  form  the  baseline  for  an  airport- independent 
processing  system,  improving  operating  efficiencies 
and  enhancing  safety. 

Onboard  equipment  should  satisfy  multiple  mission 
needs,  accommodating  all  classes  of  aircraft.  The 
equipment  installed  in  aircraft  for  use  in  the 
terminal  area  should  be  the  same  as  that  used  in  en 
route  airspace  [3].  Traffic  on  the  airport  surface 
should  merge  seamlessly  with  arriving  and  departing 
aircraft.  Ground  vehicles,  maneuvering  within  the 
airport  movement  area,  should  be  managed  and  monitored 
with  aircraft  to  ensure  safe  and  efficient  operations. 

In  addition  to  supporting  diverse  user  needs,  the 
system  should  also  allow  for  cost  effective 
installation  at  large  and  small  airports,  allowing 
full  flexibility  for  the  application  of  appropriate 
levels  of  services  in  all  terminal  areas  [3]. 
Finally,  benefits  should  be  realizable  in  all  types 
of  weather  and  not  be  limited  to  low  visibility 
conditions. 

This  paper  describes  two  operational  perspectives  - 
one  for  airport  functions,  the  other  for  aircraft. 
When  integrated  together,  the  combined  functions  have 
the  potential  to  improve  airport  capacity  through  the 
sharing  of  information  between  air  traffic 
controllers,  airport  operators  and  airport  users.  The 
operational  requirements  supporting  these  perspectives 
have  been  derived  from  a  series  of  FAA,  ICAO,  NASA  and 


RTCA  documents.  Brackets  are  used  to  denote  specific 
sources.  Where  possible,  the  actual  requirement  is 
re- stated  for  consistency  with  the  referenced 
document . 


Airport  Operational  Perspective 
Survei I  lance 

For  enhanced  terminal  area  automation,  surveillance 
will  be  provided  through  Automatic  Dependent 
Surveillance  Broadcast  (ADS-B).  With  ADS-B,  each 
properly  equipped  aircraft  derives  its  position, 
speed,  heading  and  other  information  using  its  onboard 
avionics.  The  information  is  periodically  broadcast 
and  is  received  by  other,  similarly  equipped  users  or 
ground-based  management  facilities.  In  addition, 
various  classes  of  surface  vehicles  may  be  configured 
with  GPS/ADS-B  equipment  to  broaden  the  surveillance 
coverage  to  include  all  authorized  vehicles 
movements . 

Within  the  terminal  area,  ADS-B  will  provide  all 
control  authorities  with  surveillance  for  the 
airport's  airspace  and  maneuvering  area  (i.e.,  surface 
areas  used  for  takeoff,  landing  and  taxiing  of 
aircraft).  Where  feasible,  surveillance  coverage  will 
begin  from  at  least  10  nmi  from  touch-down  and  extend 
to  the  airport  boundary  including  those  parts  of  the 
ramps  and  maintenance  areas  used  for  the  movement  of 
aircraft.  [2]  Coverage  will  be  provided  for  moving  and 
static  aircraft  and  vehicles,  providing  positive 
identification  on  authorized  movements.  [2] 

The  vast  majority  of  airports  have  no  low  altitude 
surveillance  for  aircraft  on  final  approach.  Even 
fewer  have  any  form  of  ground  surveillance.  For 
those  airports  that  currently  have  radar  coverage, 
there  is  no  simple  means  by  which  to  merge  air  and 
ground  traffic.  ADS-B  will  provide  improved  monitoring 
capabilities  for  all  airports  which  will,  through 
improved  position  reporting,  lead  to  reduced  aircraft 
separation  on  final  approach.  On  the  airport 
surface,  ADS-B  will  provide  improved  management  of 
ground  movements,  merging  surface  vehicles  with 
aircraft  to  provide  a  comprehensive  view  of  the 
airport's  operations.  The  integrated  management  of 
air  and  surface  movements  will  increase  the  airport's 
capacity  through  the  more  efficient  utilization  of 
existing  airspace  and  runways. 

As  ADS-B  messages  are  received  by  the  Airport  Traffic 
Management  (ATM)  system,  they  are  used  as  inputs  into 
the  conflict  detection  and  resolution,  conformance 
monitoring,  and  automated  lighting  functions.  Shared 
databases  will  allow  for  the  mirrored  processing  of 
these  functions  onboard  the  aircraft  and  required 
surface  vehicles  as  well.  The  following  subsections 
describe  each  of  these  functions  and  the  planning 
function  in  greater  detail. 


Conflict  Detection  and  Resolution 

For  each  ADS-B  equipped  aircraft  and  surface  vehicle 
operating  within  the  airport  maneuvering  area,  the 
ATM  system  will  extract  the  position  and  velocity 
information  from  the  ADS-B  message  and  use  the  data  to 
project  the  aircraft/vehicle's  position  ahead  in  time. 


The  ATM  will  continuously  monitor  the 
aircraft/vehicle's  current  and  projected  positions 
with  respect  to  all  possible  conflicts.  Detectable 
conflicts  include: 

-  Collision  with  a  moving  aircraft/vehicle 

-  Collision  with  a  static  aircraft/vehicle 

-  Collision  with  a  known,  static  obstacle 
(towers,  buildings,  mountains) 

-  Incursion  into  a  restricted  area 

(weight /wingspan  limited  areas,  closed  areas, 
construction  areas) 

-  Incursion  into  a  controlled  area 
(runways,  taxiways,  special  use  airspace, 

ILS  critical  areas,  approach/departure 
envelopes) 

-  Incursion  into  a  hazardous  weather  area 

The  terminal  ATM  system  will  provide,  via  its 
datalink,  automated  advanced  warning  messages  about 
potential  traffic  conflicts.  [3]  Alerts  and 
instructions  to  resolve  the  conflict  will  be  brought 
to  the  attention  of  the  controlling  authority  and  the 
affected  aircraft/vehicle.  Other  aircraft/vehicle(s) 
in  the  vicinity,  but  not  directly  involved  in  the 
conflict,  may  also  be  provided  with  an  alert 
notification  by  the  ATM  system  through  voice  or 
digital  means. 

Aircraft/vehicle  type  classification,  status  and 
clearance  information  will  play  an  important  role  in 
conflict  detection  processing.  Individual  areas  may  be 
restricted  to  certain  vehicles  and  not  others.  For 
example,  a  taxi way  may  be  off  limits  to  vehicles  over 
a  specified  weight.  In  this  case,  a  conflict  or 
taxiway  incursion  alert  will  be  generated  if  a  heavy 
vehicle  approaches  or  enters  the  taxi way  while  a 
lighter  vehicle  would  have  unrestricted  access.  In 
addition,  aircraft/vehicle's  may  be  'cleared'  to  enter 
selected  areas  at  specific  times.  For  example,  if  an 
aircraft/vehicle  is  cleared  for  a  runway,  it  may  enter 
it  without  restriction.  If  an  uncleared 
aircraft/vehicle  enters  the  runway,  however,  a  runway 
incursion  alert  will  be  generated. 

To  detect  potential  conflicts  between  aircraft  or 
between  an  aircraft  and  a  surface  vehicle,  a 
conflict-protected  volume  will  be  projected  around 
each  aircraft/vehicle  in  question.  The 

conflict -protected  volume  around  each  aircraft  in 
managed  air/ground  space  should  accomodate  safety 
requirements  and  the  need  to  minimize  the  airspace 
reserved  by  each  instant  by  each  aircraft.  [3]  The 
volumes  may  be  moved  forward  in  time,  based  on  the 
aircraft's  velocity  and  travel  path  information.  If 
the  aircraft's  conflict-protected  volume  intersects 
with  another  vehicle's  volume  within  a  predetermined 
minimum  time,  a  potential  collision  condition  will  be 
triggered.  Other  data,  including  trend,  intent  and 
aircraft  capabilities  may  be  factored  into  the 
collision  detection  processing  to  minimize  false 
alarms. 


Conformance  Mon i tor i ng 

In  addition  to  conflict  detection  and  resolution,  the 
ATM  system  shall  provide  automated  monitoring  of  all 
aircraft  and  selected  ground  vehicles  to  ensure 
adherence  to  authorized  taxi  instructions.  [5]  After  a 
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travel  path  has  been  issued  to  an  aircraft  or  vehicle, 
the  ATM  system  can  perform  a  series  of  navigation 
functions,  mirroring  those  performed  on  board  the 
aircraft/vehicle  using  its  AOS-B  position  reports.  A 
set  of  waypoints  will  be  maintained  for  each  cleared 
vehicle.  The  vehicle's  3-D  range  to  waypoint  and  cross 
track  error  may  be  computed  for  each  subsequent  ADS-B 
report  and  used  to  determine  whether  the 
aircraft/vehicle  is  on  or  off  course.  If  an  off  course 
condition  is  detected,  a  warning  message  will  be 
displayed  to  the  controller  at  the  ATM  workstation. 

Short  term  warnings  will  be  provided  when  the  computed 
deviation  for  an  aircraft/vehicle  falls  outside  of  its 
preset/predef ined  maximum  route  deviation.  [2]  Alerts 
will  also  be  generated  if  an  aircraft/vehicle  enters 
or  is  about  to  enter  an  occupied  taxi way  which  is  not 
on  his  assigned  route.  [2] 


Planning 

The  surveillance  information  provided  by  ADS-B  will  be 
utilized  by  the  airport  planning  function  to  improve 
the  efficiency  of  the  airport.  ADS-B  will  provide  the 
planning  function  with  accurate  and  frequent  knowledge 
of  aircraft  position,  speed,  and  heading  such  that 
clearances  can  be  coordinated  and  performed  in  the 
appropriate  time  and  location  on  the  runways.  [4] 
This  information  will  enable  the  planning  function  to 
provide  sequencing  of  aircraft  after  landing  or  when 
departing  from  the  parking  positions  to  ensure  minimum 
delay  and  minimum  utilization  of  the  available 
capacity  of  the  airport.  [2] 

For  arriving  and  departing  aircraft,  ADS-B  will 
provide  the  tower  controllers  with  the  information 
they  need  to  sequence  and  optimize  the  traffic  flow. 
The  local  controller  is  responsible  for  the 
sequencing,  spacing  and  issuance  of  clearances  and 
instructions  to  arriving  and  departing  aircraft.  In 
sequencing  aircraft,  the  controller  considers  the 
position,  type,  speed,  and  direction  of  movement  of 
aircraft  desiring  to  land;  estimates  future 
positions;  the  number  and  capabilities  of  aircraft 
wishing  to  depart  from  the  airport;  the  pattern, 
length,  direction,  and  condition  of  runways  available 
for  use;  wind  speed  and  direction;  noise  abatement 
requirements;  wake  turbulence;  and  traffic 
information.  The  local  controller  also  determines: 

The  order,  time  and  direction  of  takeoff  and 
necessary  turns. 

Where  inbound  aircraft  are  to  enter  the  traffic 
pattern  and  whether  distances  between  aircraft  are 
shortened  or  lengthened  to  control  the  spacing  and 
to  assure  a  safe,  orderly  flow  of  aircraft  on  the 
final  approach  to  the  landing  runway. 

Runway  use  including  possible  simultaneous  use  of 
other  runways  and  designated  areas. 


When  VFR  flights  through  the  airport  traffic  area 
can  be  authorized. 

Provides  timely  coordination  with  other 
controllers  on  movements  of  arrivals  /  departures 
/  overflight  aircraft. 

When  the  aircraft  clears  the  runway,  control  is  passed 
to  the  ground  controller.  The  ground  controller  is 
responsible  for  controlling  the  movement  of  aircraft 
and  other  vehicles  on  all  parts  of  the  airport  except 
the  runways  in  use.  Specific  duties  include: 

Determining  when  aircraft  and  other  vehicles  may 
safely  cross  runways  and  movement  areas . 

Issuing  control  instructions  to  aircraft  and 
surface  vehicles. 

Formulating  and  issuing  taxi  clearances  and 
instructions  to  aircraft  and  vehicles. 

Maintaining  separation  among  taxiing  aircraft  and 
veh i c I es . 

Operating  designated  field  lighting  systems. 

Collecting,  analyzing  and  distributing  reports 
regarding  hazards,  potential  hazards  and 
operational  status  of  facilities/equipments. 


The  planner  will  utilize  ADS-B  data  to  facilitate  the 
automation  of  these  functions,  using  predictive 
software  to  accurately  determine  arrival  and  departure 
times.  Similar  information  will  also  be  provided  to 
ramp  controllers,  enabling  them  to  sequence  and  merge 
their  needs  and  expectations  with  those  of  the 
airport  tower. 


Lighting  Control 

Automated  intersection  lights  may  be  provided  to 
indicate  activity  on  a  given  runway.  [7]  As  in  the 
conflict  detection  processing,  the  aircraft/vehicle's 
current  and  projected  positions  will  be  compared  to  a 
defined  'airport  lighting  area'.  If  the 
aircraft/vehicle  is  inside  the  area,  or  is  within  a 
predetermined  minimum  distance  from  the  area,  the 
lights  will  be  enabled  to  indicate  the  runway  is 
active.  When  the  aircraft/vehicle  exits  the  area,  the 
lights  will  be  disabled.  A  runway  incursion  will  force 
the  lights  to  switch  to  a  alert  state,  signalling  that 
the  runway  has  been  compromised. 

The  automated  control  of  airport  lights  will  serve  as 
an  airfield  safety  alert,  providing  a  clear  indication 
to  the  users  of  current  status  and  alert  conditions. 
The  use  of  ADS-B  for  automated  lighting  control 
eliminates  the  need  for  costly,  single- purpose, 
ground-based  sensors. 


The  times  and  methods  by  which  arrivals  and 

departures  can  be  interspersed  with  the  least  Aircraft  Operational  Perspective 

delay  to  traffic. 

Navigation 

When  to  issue  clearances  to  landing  and  departing 

aircraft  to  assure  standard  separation.  With  differential  GPS  data  provided  onboard  the 

aircraft,  highly  accurate  navigation  is  available  for 
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departure  guidance,  precision  approach  and  ground 
taxi  operations.  Standards  for  avionics  equipment 
which  will  support  GPS-based  precision  approaches  down 
to  Category  III  are  currently  being  developed  by  RTCA. 
To  facilitate  this  capability.  The  system  design  for 
airports  and  heliports  should  allow  for  full  zero-zero 
taxi  and  take-off  guidance  and  for  some  airports,  as 
needed,  to  be  equipped  for  full  zero-zero  landing  on 
some  runways .  [3] 

For  seamless  navigation,  the  pilot  must  be  provided 
with  continuous  guidance  and  control  during  the 
landing  roll-out,  while  taxiing  to  the  parking 
position  and  from  the  parking  position  up  to  the 
runway  holding  point  and  to  line  up  for  an  appointed 
take-off  position.  [2]  When  assigned  a  travel  path, 
the  aircraft/surface  vehicle  will  perform  conformance 
monitoring  to  ensure  adherence  to  the  designated 
route.  The  navigation  function  will  provide  the 
capability  to  determine  the  current/predicted  lateral 
deviation  from  the  cleared  path.  [4]  The  aircraft 
shall  be  provided  with  guidance  cues  to  return  to  true 
path  if  the  maximum  deviation  has  been  exceeded.  [4] 

As  part  of  the  navigation  system,  the  pilot  and 
vehicle  driver  shall  be  provided  with  warnings  of 
incursions  into  unauthorized  areas,  particularly 
runways  and  taxiways.  [2]  The  guidance  system  will 
also  be  capable  of  indicating  routes  and  areas  either 
restricted  or  not  available  for  use.  [2]  Incursion 
warnings  will  be  generated  if  the  aircraft/vehicle 
enters  a  restricted  area. 

Navigation  may  also  be  augmented  through  the  use  of  a 
cockpit  map  display.  With  an  onboard  map 
presentation,  the  aircraft/vehicle's  GPS  position  may 
be  used  to  provide  the  pilot/operator  with  a  graphical 
representation  as  to  his  current  position  with  respect 
to  the  airport  layout.  Route  description  and 
conformance  monitoring  may  also  be  provided 
graphically,  alerting  the  pilot/operator  to  any 
deviations  from  the  desired  course. 

The  use  of  cockpit  map  displays  with  visualization  of 
taxi  paths  and  hold  short  instructions  will  serve  to 
reduce  pilot/operator  confusion  and  the  occurrence  of 
'blunders'  on  the  airport  surface. 


CDT I /Situational  Awareness 


The  implementation  of  CDT I  has  the  potential  to  reduce 
separation  standards,  provide  improved  utilization  of 
area. 


Collision  Avoidance 

ADS-B  will  provide  enhanced  aircraft-to-aircraft  and 
aircraft -to- vehicle  collision  detection  and  avoidance 
capabilities.  As  ADS-B  messages  are  received  from 
other  aircraft/vehicles,  the  pilot  (and  vehicle 
driver)  will  be  provided  with  information  to  prevent 
collision  with  other  aircraft,  vehicles  or  temporary 
(known)  obstacles.  [2]  For  airborne  applications, 
true  3-D  collision  detection  will  be  achievable  for 
vertical  and  horizontal  maneuvers.  The  collision 
detection  processing  performed  on  board  the  aircraft 
should  mirror  that  performed  on  the  ground  at  the  ATM 
system. 


Station  Keeping/Self  Separation 

ADS-B  will  allow  for  appropriately  equipped  aircraft 
to  share  in  the  responsibility  for  separation, 
sequencing  and  spacing  by  means  of  an  on-board  traffic 
display.  [3]  CDT I  will  provide  pilots  with  more 
latitude  in  determining  how  they  maintain  separation 
with  proximate  aircraft. 

With  'free  flight',  properly  equipped  aircraft  will  be 
permitted  to  proceed  with  'due  regard'  for  other 
traffic.  In  trai I -descent,  in  trail-climb  and 
aircraft-to-aircraft  station  keeping  will  reduce 
controller  workload,  increase  efficiency  by  better 
utilizing  airspace,  and  reduce  separation  standards, 
thereby  increasing  airspace  capacity. 


PERFORMANCE  REQUIREMENTS  AND  ACCURACY 

To  support  the  airport  and  aircraft  operational 
perspectives  described  above,  the  ADS-B  message  must 
include  the  following  parameters  at  a  minimum: 

ID 

Type  Classification 
3-D  Position 
Velocity 
Di recti  on 


Through  the  integration  of  ADS-B  information,  cockpit 
moving  map  displays  may  be  augmented  through  the 
presentation  of  other  traffic  in  the  immediate 
vicinity.  Cockpit  Display  of  Traffic  Information 
(CDTI)  may  be  provided  for  airborne  and  surface 
operations,  integrating  the  two  seamlessly  during 
takeoff  and  approach  operations. 

With  CDTI,  the  current  position,  ID,  and  intent  of 
proximate  aircraft  and  vehicles  will  be  shown  with 
respect  to  self.  [4]  It  will  provide  true  'traffic 
awareness',  providing  the  pilot/operator  with  3-D 
situational  awareness,  regardless  of  the  current 
visibility  cond i t i ons . 

CDTI  can  also  aid  the  pilot  in  navigation,  providing  a 
clear  view  of  the  aircraft  to  follow  during  taxi 
operations,  including  an  indication  of  his  spacing 
from  the  preceding  aircraft.  [2] 


The  following  performance  parameters  have  been 
derived  from  the  referenced  documents  for  airport 
surface  operations: 


ADS-B  update  rate  <= 
Positional  accuracy  < 

Direction  < 

Velocity  < 


1 /second 

3  m,  with  a  resolution 
of  1.5  m 
2  degrees 
5  knots 


The  charts  below  show  potential  positional  errors 
which  may  be  introduced  through  inaccuracies  in 
acceleration,  velocity  and  heading  data.  In  the  first 
chart  which  follows,  the  vertical  axis  represents  the 
positional  offset  in  meters.  The  horizontal  axis 
represents  the  time  since  last  update  in  seconds. 
Each  line  represents  a  different  acceleration 
value  beginning  with  0.1  G  at  the  bottom  and 
continuing  with  0.25  G,  0.5  G,  0.75  G,  and  1.0  G. 
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Time  Since  ADS-B  Update  (Seconds) 


Velocity  (m/sec) 


As  shown  above,  the  positional  error  introduced  for 
acceleration  is  relatively  low,  particularly  at  the 
lower  acceleration  (0.1  G)  typical  of  most  airport 
operations. 


Positional  Error  Due  to  Reported  ADS-B  Velocity  Error 


Time  Since  ADS-B  Update  (Seconds) 


Here,  the  positional  error  due  to  velocity 
inaccuracies  of  0.1  m/sec,  1.0  m/sec,  2.0  m/sec,  5.0 
m/sec,  and  10.0  m/sec  are  provided.  Assuming  the 
velocity  is  accurate  to  better  than  5  knots  ('^  2.5 
m/sec),  the  positional  error  introduced  each  second  is 
on  the  order  of  approximately  3.0  meters. 


In  this  chart,  the  vertical  axis  represents  the  cross 
track  error,  in  meters,  introduced  by  a  2  degree 
heading  error.  The  horizontal  axis  represents  the 
velocity  from  0  to  125  m/sec  (^  250  knots).  Each  line 
represents  time,  in  seconds,  starting  with  0.01  and 
continuing  with  0.1,  0.25,  0.5,  1-0  and  2.0.  The 
cross  track  error  introduced  at  the  maximum  velocity 
at  the  end  of  one  second  is  relatively  small  (less 
than  six  (6.0)  meters). 

The  overheads  imposed  by  the  position  determination, 
radio  and  local  processing  functions  translate  into  a 
finite  system  delay.  Latency  compensation  is  required 
to  accurately  represent  the  positions  of  the 
aircraft/vehicles  on  the  3-D  airport  map  and  to 
accurately  perform  the  time- synchronized  processing 
functions. 

To  compensate  for  this  type  of  system  delay  factor, 
the  precise  DGPS  derived  velocity  components  may  be 
used  to  project  the  position  ahead.  The  amount  of 
required  latency  compensation  time  (t)  may  be 
determined  through  the  use  of  precise  GPS  time.  The 
compensation  factor  is  determined  by  multiplying  the 
velocity  by  the  compensation  time  (t).  The 
compensation  factor  is  applied  to  the  current  position 
to  determine  a  new,  compensated  position.  The 
compensated  position  may  then  be  considered  the 
current  position  and  may  be  used  throughout  the 
navigation  and  processing  algorithms.  This  technique 
works  well  in  low  dynamic  environments  where  the 
course  is  relatively  steady  as  in  final  approach, 
landing  and  takeoff  for  commercial  and  GA  airport 
operations.  High  dynamic  conditions  may  require  hybrid 
solutions  involving  the  integration  of  additional 
sensors  and  the  inclusion  of  acceleration  information 
in  the  ADS-B  message.  Given  the  stated  frequency  of 
the  ADS-B  broadcasts  (<=  "/second)  and  the  relatively 
small  velocity  errors  (<  5  knots)  at  the  receiving 
station,  the  acceleration  factor  has  little  impact  for 
normal  airport  operations.  This  may  be  observed  again 
in  the  following  example  which  defines  a  compensation 
technique  to  reduce  the  processing  and  display 
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uncertainties  between  ADS'B  updates. 

ADS-B  RATE  =  1  HZ  (T  =  1) 

The  ADS  message  is  broadcast  at  a  once  per  second 
rate.  The  position  and  velocity  information  are 
correct  (3  m  +/-  1-5  m  and  <  5  knots,  respectively)  at 
the  time  of  broadcast. 

1  G  MAXIMUM  GROUND  SIDE  ACCELERATION  =  9.8  M/S^ 

The  maximum  acceleration  is  assumed  to  be  1  G  in  the 
commercial  airport  ground  environment.  This 
acceleration  is  assumed  to  change  linearly  over  a  one 
second  period  (Jerk  =  9.8  M/S'^).  The  distance 
travelled  due  to  the  constant  jerk  of  9.8  H/S^  over 
the  one  second  period  is  found  by  integrating  the  Jerk 
three  times. 

250  KNOT  MAXIMUM  GROUND  VELOCITY  =  128.6  M/S 

The  maximum  speed  for  airport  surface  movement  is  250 
knots.  Assuming  the  maximum  speed  and  acceleration, 
the  positional  change  between  ADS-B  updates  is 
determined  below: 

128.6  *  1  +  |9.8T^|  =  130.2  METERS 
(2*3) 

Latency  compensation  can  be  performed  at  the  ATM  to 
smooth  the  perceived  jump  in  position  reports.  In  the 
example  below,  the  processor  clock  at  the  ATM  station 
internally  updates  all  positions  100  times  per  second. 


REAL  TIME  CLOCK  RESOLUTION  =  .01  SECONDS 

128.6  *  .01  +  I9.8T^I  =  2.8  METERS 
(2*3) 

By  using  the  time  clock  interrupt  to  project  the 
reported  ADS-B  position  ahead,  the  position  error  is 
less  than  three  (3.0)  meters  under  maximum  dynamic 
conditions. 

The  above  example  may  be  repeated  for  a  thirty  (30.0) 
knot  taxi  speed. 


30  KNOT  TAXI  SPEED  =  15.4  M/S 

ADS-B  UPDATE  RATE  =  1  HZ 

15.4  *  1  +  |9.8T^|  =  17.1  METERS 

(2*3) 


REAL  TIME  CLOCK  RESOLUTION  =  .01  SECONDS 

15.4  *  .01  +  I9.8T^|  =  1.8  METERS 
(2*3) 

Here,  the  position  offset  between  ADS-B  updates  is 
17.1  meters.  Latency  compensation  techniques, 
employed  every  .01  seconds  can  reduce  this  offset  to 
less  than  two  (2.0)  meters. 


seconds  depending  on  phase  of  flight.^and  vehicle  type. 
Under  a  constant  jerk  of  9.8  H/S^  ,  the  worst  case 
positional  offset  is  determined  below.  By  multiplying 
the  change  in  velocity  due  to  the  constant  jerk  over 
the  1  second  update  period  by  the  projection  time,  the 
offset  can  be  determined. 

Velocity  *  Projection  =  Position 
change  time  offset 

19.8  *  1-|  *  10  =  49.0  METERS 

2 


A  general  purpose  latency  compensation  scheme 
utilizing  the  Earth  Centered  Earth  Fixed  (ECEF) 
velocity  and  position  data  is  provided  below.  This 
processing  is  performed  for  latency  compensation  and 
projection  processing  in  the  zone  incursion  and 
collision  algorithms. 

PROJECT  ECEF  POSITION 
^t'^t'^t  ”  position 
NXt,NYt,NZ^  =  ECEF  Projected  position 
VX^  VY^  VZ^  =  Velocity  components  along  ECEF  axes 
T  =  Latency  time  (in  seconds) 


NX^  =  X^  +  VX^  *  T 

NY^  =  Y^  +  VY^  *  T 

NZ^  =  Z^  +  VZ^  *  T 

PROJECT  ECEF  POSITION  USING  TIME,  VELOCITY  AND 

ACCELERATION  DATA 

X^  Y^  Z^  =  ECEF  Position 

NX^  NY^  NZ.  =  ECEF  Projected  Position 

VX^  VY^  VZ^  =  Velocity  components  along  ECEF  axes 

AX^  AY^  AZ^  =  ECEF  Acceleration 

T  =  Latency  time  (in  seconds) 

AX 

NX^  =  X^  +  VX^  *  T  +  ----  *  T'^ 


NY^  =  +  VY^  *  T  +  ----  *  T^ 


NZ^  =  Z^  +  VZ^.  *  T  +  ----  *  T^ 


COORDINATE  REFERENCE  SYSTEM  CONSIDERATIONS  FOR  ADS-B 


For  conflict  detection  processing,  the  current  The  use  of  a  common  coordinate  reference  system  is  an 
position  may  be  projected  ahead  ten  (10.0)  or  more  important  factor  for  efficient  and  seamless  operations 
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within  the  airport  environment.  Each  aircraft  and 
vehicle  must  be  capable  of  determining  its  current 
position  with  respect  to  a  common  origin.  The  precise 
location  of  key  physical  or  geographic  areas  of 
interest  must  be  known  with  respect  to  the  same 
coordinate  reference.  The  table  below  compares  ECEF  to 
the  more  traditional  Latitude/Longitude/Altitude 
reference  systems. 


POSITION 

FORMAT 

LINEAR 

CONTINUOUS 

CONSTANT 

SCALE 

SINGLE  POINT 
ORIGIN 

ECEF  X,Y,Z 

Yes 

Yes 

Yes 

Yes 

LAT,  LON 

No 

No 

No 

No 

Ellipsoidal 

Altitude 

Yes 

Yes 

Yes 

No 

Baro  Alt 

Yes 

Variable 

No 

No 

MSL  Alt 

Yes 

Variable 

No 

No 

Varying, 

discontinuous  scales  and 

mixed  variable 

position  formats  complicate  processing  and  introduce 
processing  errors  making  seamless,  airport- independent 
processing  unattainable. 

Seamless  airport  operations  are  further  simplified 
when  implementing  ECEF  X,Y,Z  velocity  as  well.  As  with 
the  ECEF  3-D  position  data,  the  velocity  components 
are  linear,  continuous,  have  a  single  point  origin  and 
a  constant  scale.  Many  receivers  output  the  three 
velocity  components  in  a  North/East/Up  format.  Though 
this  represents  a  linear  velocity,  it  does  not  have  a 
single  point  origin  and,  when  combined  with 
Latitude/Longitude  position,  can  introduce  additional 
processing  overheads.  It  is,  however,  preferred  over 
the  more  traditional  combination  of  compass  heading, 
airspeed  and  baro  vertical  rate  which  suffers  from 
several  limitations.  Compass  heading  varies  with 
location  and  is  susceptible  to  corruption  by  stray 
magnetic  fields  and  may  suffer  from  local  geographic 
anomalies.  The  second  element,  air  speed,  is  not 
useful  for  ground  movement  and  varies  with  time  and 
place.  Baro  rate  also  varies  and  requires  calibration. 
Though  these  parameters  are  required  by  the  pilot, 
they  are  not  necessarily  required,  nor  are  they  the 
optimal  choices  for  use  in  the  primary  processing 
algorithms  for  airport  automation. 

Precise,  seamless  airport  control,  navigation  and 
management  is  greatly  simplified  using  ECEF -based 
position  and  velocity  formats.  This  framework  provides 
simplified  mathematical  processing  for  navigation, 
conflict  detection  and  resolution,  collision 
avoidance  and  airport  management  processing. 
Because  the  ECEF  coordinate  reference  system  is 
world- wide,  the  developed  processing  algorithms 
are  airport  independent,  eliminating  the  need 
for  specialized  airport  processing  and  local, 
site- dependent  scaling  adjustments. 


TRANSITION 


full  capabilities  of  a  GPS  or  GNSS-based  solution 
should  not  be  compromised.  Compatibility  with  present 
systems  should  not  limit  the  overall  accuracies  and 
effectiveness  of  GNSS.  Though  multi -sensor  data  fusion 
may  be  required  during  this  phase,  the  operating 
environment  should  be  based  on  GNSS  operations  while 
gracefully  phasing  out  outdated  systems.  The  figure 
below  provides  a  high  level  overview  for  combining 
GNSS  data  with  radar  processing.  Rather  than 
constraining  all  GNSS  operations  to  fit  in  a 
radar- based  world,  a  converter  is  shown  which 
translates  the  GNSS  coordinates  for  compatibility  with 
the  radar  processing.  This  approach  is  preferable  as 
it  maximizes  the  future  operational  benefits  of  a 
GNSS-based  system  while  still  providing  compatibility 
with  today's  terrestrial  based  systems. 


GPS -RADAR  CONVERSION 


CONCLUSIONS 

Since  approach,  departure  and  surface  operations 
represent  the  most  difficult  phases  of  flight  due  to 
traffic  congestion,  complexity  of  the  airport  and  ATC 
operations,  and  since  these  operations  demand  the 
highest  levels  of  accuracy  and  performance,  the 
requirements  for  these  functions  should  act  as  the 
foundation,  driving  the  requirements  that  form  the 
baseline  for  improved  terminal  area  operations. 

If  the  high  level  operational  requirements  are  not 
addressed,  the  true  benefits  and  cost  effectiveness  of 
GPS  and  digital  communications  will  not  be  realized  in 
the  airport  environment.  Care  must  be  taken  to  avoid 
the  pitfalls  of  the  past  -  new  systems  must  be 
architectured  to  support  a  fully  integrated, 
system-wide  concept.  Standards  for  avionics,  AOS-B, 
and  ATM  must  be  developed  in  parallel  with  new  Air 
Traffic  Control  (ATC)  procedures  and  pilot  operations. 
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ABSTRACT 

The  use  of  a  generalized  Levinson  Predictor  to  provide 
estimates  of  future  values  of  Selective  Availability  (S  A)  is 
explored.The  prediction  of  S  A  provides  the  DGPS  user  a 
means  for  overcoming  the  latency  of  the  corrections.  The 
predicted  estimates  are  derived  from  a  linear  combination 
of  prior  measurements  of  SA.  An  iterative  method  for 
deriving  the  weights,  choosing  the  interval  between  data 
samples  against  which  the  weights  are  applied,  and  gener¬ 
ating  an  estimate  of  the  mean  square  error  of  the  predic- 
tor.The  accuracy  of  the  estimate  is  presented  as  a  function 
of  prediction  interval. 

The  RMS  of  the  errors  in  predicting  future  values  of  S  A 
using  a  Levinson  predictor  are  approximately  0.2, 2.0,  and 
4.0  meters  for  predictions  of  8, 30  and  60  seconds  using 
code  ranging  data  smoothed  with  carrier  phase.  The 
weights  are  determined  from  an  estimate  of  the  S  A  auto¬ 
correlation  made  at  the  beginning  of  each  collection  pass. 

The  S  A  process  tends  to  be  wide-sense  stationary  in  that 
the  weights  determined  from  one  pass  can  be  applied  to 
future  passes  without  significant  degradation  of  prediction 
accuracy.  Additionally,  a  set  of  weights  determined  from 
one  PRN  can  be  applied  to  other  PRN’s  without  significant 
degradation  in  predictor  accuracy. 


Finally,  the  user,  with  a  modest  amount  of  computation, 
can  select  the  prediction  interval  desired  given  past  S  A 
values  and  an  autocorrelation  function. 


INTRODUCTION 

The  current  performance  of  the  Global  Positioning  System 
is  degraded  due  to  the  implementation  of  Selective  Avail¬ 
ability.  Selective  Availability  (S  A)  appears  to  the  user  as 
slowly  time  varying  sinusoidal  error  to  the  pseudo  range 
measurements  with  an  RMS  of  25  meters. 

Differential  GPS  (DGPS)  is  a  technique  that  is  frequently 
used  to  correct  for  S  A  induced  ranging  errors.  However, 
the  time  delay  (latency)  between  the  generation  of  correc¬ 
tions  and  their  application  by  the  user  can  result  in  large 
residual  errors.These  errors  can  be  reduced  if  the  S  A- 
induced  error  can  be  predicted  for  relatively  short  periods 
of  time. 

This  paper  presents  the  Levinson  Predictor  as  a  robust  and 
flexible  technique  for  predicting  S  A . 

LEVINSON  PREDICTOR 

The  Levinson  predictor  forms  an  estimate  of  the  future 
(output)  based  on  a  moving  average  of  past  data.  The  pre¬ 
dicted  output  is  given  by: 

n 

HO  =  0) 

;  =  i 


where  present  time  corresponds  to  j=l .  The  Levinson  pre¬ 
dictor  is  guaranteed  stable  and  the  coefficients  (aj, . a^) 

are  chosen  to  minimize  the  mean  square  error.  This  yields 
a  cost  function: 
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(2) 


J„  =  E{y{t)  [yit)-Ht)]} 


(9) 


j„  = 


The  predictor  can  be  augmented  to  allow  for  variable  pre¬ 
diction  intervals  by  restating  equation  1  as: 

n-\ 

y(t)  = (3) 

where  the  prediction  interval  is  equal  to  m  samples  and  n- 
m  samples  is  the  length  of  the  data  span  used  in  the  predic¬ 
tion.  Substituting  equation  3  into  equation  2  yields: 

^  =  -^a^y{t-m)  +a2y{t-m-\)  (4) 

The  coefficients  of  the  predictor  are  determined  by  taking 
the  partial  of  J„  with  respect  to  aj  and  setting  the  result 
equal  to  0  which  yields: 

^  =  E{(y(t)  -y{t)  )y{t-j)}  =  0  (5) 


«  -  1 

j^m 

The  superscript  on  the  weights  used  in  equation  9  denotes 
the  interval  length  of  the  past  data  used  in  the  predictor. 
This  notation  is  used  throughout  the  remainder  of  this 
paper.  Writing  equation  8  in  matrix  form: 


for  j=m,....,n-l.  Expanding  and  separating  equation  5 
yields: 

E{yit)y{t-i)}  =  E{y{t)y{t-j)}  (6) 

Substituting  equation  3  into  equation  6  yields: 

E{y(.t)y(,t-i)}  =  (7) 

y(t-j)] 

for  j=m,...,n-l.  Expanding  the  right  hand  side  of  7  gives: 


Recall  that  the  C’s  come  from  computing  the  autocorrela¬ 
tion  of  the  Selective  Availability  time  series.  The  autocor¬ 
relation  matrix  in  equation  10  is  a  Toeplitz  matrix  and  can 
be  solved  for  iteratively  as  shown  by  Levinson.  That  is, 
increasing  the  length  of  the  predictor  to  an  (n+l-m)  pre¬ 
dictor  uses  the  coefficients  from  the  n-m  length  predictor. 
Let  the  autocorrelation  matrix  in  equation  10  equal  and 
the  right  hand  side  equal  -c^.  Additionally,  let  n-m=k,  and 
the  k+1  system  can  be  written  as 


E{yit)y(t-j)}  =  E(-aiy(t-m)y(t-j)  (8) 
-a2y(t-m-l)y(t-J) 

—  -a„_„y(t-n+l)y(t-j)) 

This  yields  n-m  equations  for  a  predictor  of  length  of  n-m. 
Note  that  the  left  hand  side  of  equation  8  is  just  the  auto¬ 
correlation  of  the  S  A  process  beginning  at  the  time  delay 
corresponding  to  the  index  m.  Letting  Cj  =  E{y(t)y(t+j)} 
we  can  restate  the  cost  function  as: 


where  ‘r’  is  a  vector  of  autocorrelation  Cj  through  Cu  and 
Ejt  is  an  operator  that  reverses  the  indices  of  the  vector  it 
operates  on.  Solving  equation  11  for  yields  the  fol¬ 
lowing  equation: 

\  (-  lEk^)  =  lEkZi  (12) 

where 

Z-  =  (13) 
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which  is  the  Levinson-Durbin  algorithm  solution  of  equa¬ 
tion  10  when  the  right  side  equals  -r.  The  iterative  solution 
for  the  z’s  due  to  Durbin  is: 


The  last  coefficient  of  equation  11  is  similar  to  equation 


TIME  @04:51Z(secs) 


14,  that  is: 


FIGURE  1.  Selective  Availability 


An  estimate  of  the  mean  square  error  can  be  computed  for 
each  predictor  of  increased  window  length  directly  from 
the  cost  function  using  equation  9. 

DATA  COLLECTION 


lation  of  S A,  The  autocorrelation  function  was  determined 
from  90  minutes  of  S  A  data  at  the  beginning  of  the  pass 
and  is  not  updated  throughout  the  remainder  of  the  pass. 
The  present  realization  of  the  predictor  allows  the  user  to 
specify  several  input  parameter  selections.  The  parameters 
are: 

1.  sampling  rate  of  the  data 

2.  length  of  the  past  data  interval 

3.  amount  of  data  used  to  determine  the  autocorrelation 
function 


The  GPS  ranging  data  was  collected  using  a  16  channel 
integrated  GPS/GLONASS  receiver  manufactured  by  3S 
Navigation .  Both  code  and  carrier  phase  data  are  coUected 
and  can  be  processed  at  variable  rales.  Nominally,  data  are 
output  at  a  1  Hz  rate.  The  carrier  phase  measurements 
were  used  to  smooth  the  code  data  using  a  “Hatch  filter” 
technique.  The  smoothed  pseudo-range  data  were  used  in 
all  analyses.  The  collection  suite  also  includes  an  FTS 
(Frequency  and  Time  Systems,  Inc.)  model  4065  cesium 
clock. 

The  smoothed  pseudo-range  data  were  corrected  for  tropo¬ 
spheric  delay  and  then  differenced  with  expected  range. 
These  differences  were  subsequently  corrected  for  clock 
offset  and  drift  using  a  second  order  clock  model  for  the 
cesium  reference  yielding  a  time  series  of  the  magnitude 
of  S  A.  Figure  1  is  an  example  of  the  results  of  this  pro¬ 
cess. 


4.  prediction  time 

The  cost  function  has  been  used  to  optimize  the  selection 
for  the  first  two  parameters.  Using  shorter  intervals  to 
determine  the  autocorrelation  function  has  been  explored 
but  is  not  presented  here.  The  prediction  times  presented 
here  are  8, 30,  and  60  seconds. 

Figure  2  shows  a  plot  of  the  predicted  and  actual  S  A  for  a 
prediction  interval  of  8  seconds  for  portions  of  the  PRN 1 
pass  on  May  18,1995.  The  two  plots  are  virtually  identical 
for  the  8  second  predictions.  A  data  interval  of  12  seconds 
is  used  with  a  coefficient  computed  every  second  and  the 
autocorrelation  matrix  is  determined  from  90  minutes  of 
data.  The  second  plot  in  Figure  2  is  the  difference  between 
the  predicted  and  actual  SA  values.  The  RMS  of  this  dif¬ 
ference  0.20  meters  and  is  based  on  data  from  the  entire 
pass  of  approximately  6.5  hours  in  duration  and  computes 
more  than  23,000  SA  predictions  and  differences. 


The  data  used  in  this  paper  were  collected  while  tracking 
PRN’s  1, 4  and  5  from  May  18-20, 1995. 

S  A  PREDICTION 

The  Levinson  predictor  was  used  to  estimate  future  values 
of  S  A  given  a  time  series  of  past  values  and  the  autocorre¬ 


Figure  3  shows  the  same  plots  for  a  prediction  interval  of 
30  seconds  for  ^proximately  the  same  portion  of  the  pass 
shown  in  figure  2.  The  data  interval  or  window  has  been 
increased  to  60  seconds  with  a  coefficient  computed  every 
5  seconds  and  the  autocorrelation  matrix  determined  from 
90  minutes  of  data.  The  second  plot  is  the  difference  plot 
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FIGURE  2.  PRN  1  Predicting  8  seconds  MAY  18,1995 
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PRN1  MAY  18,1995 
SELECTIVE  AVAIUBILITY 
30  sec  Levinson  Predict 
12  TAPS  at  0.2  Hz  rate 
90  min  AC  MAT  FIT 


f/ 


PRN01_SeLAvail 
SA  Pred_30sec 


TIME  @04:51Z  secs 


PRN  01  MAY  18, 1995  CARRIER  PHASE  PSEUDO-RANGE 

[SA-LEV_Pre]  30  sec  PREDICT 

12  TAPS  /0.2  Hz  DATA/  90  MIN  AC  MAT  FIT 


MEAN  =-0.01  meters 
RMS  =  1.88  meters 


TIME  (secs) 


HGURE  3.  PRN  1  PREDICTING  30  SECONDS 
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again  for  a  30  second  prediction.  The  RMS  of  this  differ¬ 
ence  is  1.88  meters. 

Figure  4  is  similar  to  figures  2  and  3  with  the  prediction 
interval  increased  to  60  seconds.  The  data  length  is  60  sec¬ 
onds  and  weights  are  applied  to  data  samples  separated  by 
five  seconds.The  RMS  for  60  second  prediction  is  3.59 
meters.  Note  that  the  prediction  error  in  both  figures  3  and 
4  is  largest  when  the  second  derivative  of  S A  is  at  its  max¬ 
imum. 

Predicting  SAon  Future  Passes 

Data  were  collected  for  three  consecutive  passes  of  PRN 1 
on  three  consecutive  days.  The  data  from  the  first  pass 
were  used  to  determine  the  predictor  weights  which  were 
used  to  predict  S  A  on  the  20  May  pass.  Once  again,  pre¬ 
diction  intervals  of  8, 30  and  60  seconds  were  chosen.  The 
results  are  shown  in  figure  5.  The  RMS  errors  in  prediction 
are  0.21, 1.98,  and  3.76  meters  respectively.  These  results 
are  equivalent  to  those  shown  earlier  where  the  weights 
were  applied  on  the  same  pass  as  they  were  determined. 
This  result  implies  that  for  PRNl  in  this  two  day  interval 
SA  tends  to  be  a  wide-sense  stationary  process. 

Predicting  S  A  Across  PRNs 

The  filter  weights  determined  from  the  18  May  1995  pass 
of  PRN  1  were  applied  to  S  A  data  collected  from  PRN  4. 
As  before,  prediction  intervals  of  8,  30,  and  60  seconds 
were  chosen.  The  errors  in  the  predicted  data  are  shown  in 
figure  6.  The  RMS  of  the  differences  between  S A  and  the 
Levinson  predictor  are  0.22, 1.94  and  3.85  meters  respec¬ 
tively.  These  results  yield  essentially  the  same  perfor¬ 
mance  as  when  applied  to  the  PRN  1  data  and  demonstrate 
that  the  autocorrelation  of  S  A  is  nearly  identical  aaoss 
PRN’s. 

CONCLUSIONS 

A  summary  of  the  results  is  shown  in  table  l.The  RMS  of 


TABLE  1.  Levinson  Predictor  Results  Summary 


1  RMS  Predicted  SA  error  | 

Prediction 

time, 

sec 

Predictor  weights  from  PRN  1  on  18 
May  applied  to 

PRNl 

18  May 

PRNl 

20  May 

PRN  4 

18  May 

8 

0.20 

0.21 

0.22 

30 

1.88 

1.98 

1.94 

60 

3.59 

3.76 

3.85 

the  errors  in  predicting  future  values  of  S  A  using  a 


Levinson  predictor  are  bounded  by  0.2, 2.0,  and  4.0  meters 
for  predictions  of  8, 30  and  60  seconds.  Additionally  the 
weights  determined  from  one  PRN  and  one  pass  can  be 
applied  across  passes  and  PRN’s  without  significant  deg¬ 
radation  of  prediction  accuracy. 
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FIGURE  5.  PRN1  WEIGHTS  DETERMINED  FROM  MAY  1 8  APPLIED  TO  MAY  20  SA 
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ABSTRACT 

A  GPS  attitude  and  navigation  receiver  operated 
successfully  in  space  as  a  flight  experiment  on  the 
Daimler-Benz  Aerospace  (DASA)  CRISTA-SPAS  free 
flying  satellite.  This  flight  resulted  in  the  first  space 
operation  of  GPS  derived  attitude  determination.  The 
satellite  was  launched  from,  separated  and  subsequently 
recovered  by  Space  Shuttle  Atlantis,  STS  66, 
November  3-14,  1994.  The  vehicle  operated  at  a 
distance  of  several  kilometers  from  the  Shuttle  during 
the  11  day  mission.  The  spacecraft  attitude  was 
maintained  with  a  stellar-inertial  attitude  determination 
system  using  mass  expulsion  actuators  for  control  to 
point  the  Crista  telescope  at  a  pre  designated  point  on 
the  Earth's  limb.  The  GPS  TANS  Vector  receiver 
navigated  and  determined  three  axes  attitude  with 
respect  to  an  antenna  reference  frame  fixed  to  the 
CRISTA-SPAS  vehicle  but  not  aligned  to  it.  An 
alignment  transformation  between  the  GPS  antenna 
system  and  the  spacecraft  was  derived  post  flight.  The 
GPS  receiver  operated  satisfactorily  during  the  flight. 

INTRODUCTION 

A  GPS  attitude  and  navigation  receiver  operated 
successfully  in  space  as  a  flight  experiment  on  the 
Daimler-Benz  Aerospace  CRISTArSPAS  free  flying 
satellite.  This  flight  resulted  in  the  first  space 
operation  of  GPS  derived  attitude  determination.  The 
satellite  was  launched  from,  separated  and  subsequently 
recovered  by  Space  Shuttle  Atlantis,  STS  66, 
November  3-14,  1994.  The  vehicle  operated  at  a 
distance  of  several  kilometers  from  the  Shuttle  during 
the  11  day  mission.  The  spacecraft  attitude  was 
maintained  with  a  stellar-inertial  attitude  determination 
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system  using  mass  expulsion  actuators  for  control  to 
point  the  CRISTA  telescope  at  a  pre  designated  point 
on  the  earth's  limb.  Except  for  brief  calibration 
maneuvers  the  vehicle  was  controlled  within  arc 
seconds  at  an  attitude  fixed  to  keep  the  telescope  line 
of  sight  at  a  tangent  altitude  over  the  oblate  Earth. 

The  GPS  TANS  Vector  receiver  navigated  and 
determined  three  axes  attitude  with  respect  to  an 
antenna  reference  frame  fixed  to  the  ASTRO-SPAS 
vehicle  but  not  aligned  to  it.  An  alignment 
transformation  between  the  GPS  antenna  system  and 
the  spacecraft  was  derived  post  flight.  The  GPS 
receiver  operated  satisfactorily  during  the  flight. 
Flight  results  and  analysis  of  the  receiver  acquisition, 
navigation,  and  attitude  determination  are  shown  in  the 
paper.  The  paper  discusses  the  integration  of  the  GPS 
receiver  with  the  CRISTA-SPAS  system.  The  flight 
operation  of  the  receiver  generating  navigation  and 
attitude  determination  on  the  separable  spacecraft  is 
described  along  with  a  presentation  and  discussion  of 
the  flight  results. 

ASTRO-SPAS 

SPAS  is  the  acronym  for  "Shuttle  Pallet  Satellite" 
which  is  launched  into  Earth  orbit  by  the  U.S. 
Shuttle,  deployed  for  a  free  flight  period  of  a  few  days 
at  a  distance  up  to  120  km  from  the  Shuttle,  then 
retrieved  and  returned  to  Earth.  In  continuation  of  past 
successful  US-German  cooperation  in  Space  Science, 
NASA  and  the  German  Space  Agency,  DARA  GmbH, 
have  agreed  to  perform  at  least  4  joint  missions  with 
the  ASTRO-SPAS  system  striving  to  exercise 
different  scientific  payload  components  provided  by 
both  the  USA  and  Germany. 

The  first  mission  in  the  ASTRO-SPAS  series  was 
conducted  in  1993  under  the  name  ORFEUS-SPAS-I, 
That  system  was  dedicated  to  astronomical 
observations  at  very  short  wavelengths,  specifically 
the  two  spectral  ranges  Far  Ultraviolet  and  Extreme 
Ultraviolet.  The  second  mission,  CRISTA-SPAS  was 
an  exploratory  mission  to  analyze  dynamical  processes 
in  the  middle  atmosphere.  The  name  CRISTA  is  from 
Cryogenic  Infrared  Spectrometers  and  Telescopes  for 
the  Atmosphere.  The  CRISTA  experiment  was 
conducted  by  the  University  of  Wuppertal,  Germany. 
The  scientific  payload  is  complemented  by  MAHRSI 
for  Middle  Atmosphere  High  Resolution  Spectrograph 
Investigation  ultraviolet  experiment  supplied  by  the 
US  Naval  Research  Laboratory,  Washington,  DC.  An 
experiment  Surface  Effects  Sample  Monitor, 
SESAM,  was  conducted  by  the  German  Aerospace 
Research  Establishment,  DLR,  Braunschweig, 
Germany. 


The  scientific  objective  of  the  flight  experiments  was 
to  learn  more  about  the  Earth's  atmosphere. 

USE  OF  GPS  ON  ASTRO-SPAS 

The  spacecraft  builder,  Dailmer  Benz  Aerospace 
formally  Deutsche  Aerospace  or  DASA  required  GPS 
for  Navigation.  In  addition  the  position  data  was  used 
directly  to  modify  the  spacecraft  pointing  commands  to 
account  for  variations  of  tangent  altitude  direction  on 
an  oblate  Earth.  This  correction  was  adjusted  in  flight. 
The  nominal  attitude  reference  was  provided  by  a 
stellar-gyro  attitude  determination  system.  Attitude 
control  was  from  a  set  of  0.01  Newton  mass  expulsion 
thrusters. 

The  spacecraft  GPS  unit  was  supplied  by  Standard 
Electrik  Lorenz  Co.  now  part  of  Alcatel  Company. 
An  additional  GPS  receiver  was  supplied  by  SS^  for 
operation  on  the  CRISTA-SPAS  as  an  experiment.  A 
precursor  GPS  receiver  to  the  GPS  Tensor  was  a 
modified  commercial  TANS  Vector  from  Trimble 
Navigation  Co.  TANS  is  an  acronym  for  Trimble 
Advanced  Navigation  System.  The  Space 
Systems/LORAL  supplied  TANS  Vector  unit  had 
attitude  determination  capability.  The  four  antennas 
for  the  TANS  Vector  GPS  receiver  can  be  seen  on  the 
photo  of  the  spacecraft  being  released  by  the  Shuttle 
arm  in  Figure  1. 

GPS  OPERATION 

The  most  significant  feature  of  the  GPS  Tensor  is  its 
ability  to  determine  not  only  the  normal  GPS  outputs 
of  position,  velocity  and  time,  but  the  attitude  of  the 
spacecraft  as  well.  The  attitude  determination 
algorithm  is  the  one  developed  by  Dr.  Clark  Cohen  of 
Stanford  University(ref.  1).  Dr.  Cohen  develpoed  a 
scheme  of  multiplexing  RF  outputs  from  4  antennas, 
measuring  the  carrier  phase  between  them  and 
determining  attitude  from  those  measurements.  The 
scheme  leads  to  an  economization  of  size,  weight, 
power  and  parts  count.  The  TANS  Vector  has 
incorporated  the  attitude  technology  developed  by  Dr. 
Cohen.  A  development  of  a  space  qualified  GPS 
receiver  for  attitude  and  orbit  determination  has  been  in 
progress  at  Space  Systems/LORAL  since  early  1994. 
Space  Systems/LORAL  licensed  the  technology  of  the 
commercial  TANS  Vector  from  Trimble  and  Stanford 
University  to  use  as  a  starting  point  for  a  receiver 
called  the  GPS  Tensor  (ref.  2). 

SYSTEM  ARCHITECTURE 

The  four  antennas  with  hemispherical  sensitivity 
patterns  are  to  be  located  on  a  spacecraft  facing  upward 
away  from  the  earth  with  their  relative  distances  from 
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each  other  maximized.  The  GPS  Functional  Block 
Diagram  is  shown  in  Figure  2.  The  four  antennas 
connect  to  preamps  each  with  split  outputs  to 
accommodate  the  dual  receivers.  The  signals  are 
multiplexed,  and  down-converted  in  frequency,  then 
correlated  to  attain  carrier  and  code  lock.  The  block 
diagram  in  Figure  3  shows  the  digital  correlators  of 
one  channel  of  the  GPS  receiver  which  is  comprised  of 
the  Phase  Lock  Loop  (PLL)  and  the  Delay  Lock  Loop 
(DLL)  coupled  by  the  Code  Generator.  The  incoming 
GPS  signal  from  the  microwave  front  end  goes  to  both 
the  carrier  and  code  correlators.  The  Carrier  Correlator 
provides  the  carrier  tracking  error.  The  error  of  one  of 
the  antennas  designated  the  "master"  through 
compensation  generates  the  Doppler  Range  Rate  in  a 
closed  loop  which  is  applied  to  the  Phase  Pumped 
Oscillator  (PPO).  The  PPO  is  a  numerically 
controlled  oscillator  (NCO).  The  PLL  acting  on  the 
non-master  or  "slave"  antennas  outputs  the  carrier 
phase  measurements  that  are  used  in  determining  the 
satellite  attitude.  The  Code  Correlator  is  in  a  closed 
loop  ,  DLL,  that  aligns  in  time  the  received  C/A  code 
with  the  code  clock  generating  the  code  Epoch  and  code 
phase  correction  time  which  gives  the  pseudo  range 
measurement. 

THE  NAVIGATION  ALGORITHM 

The  basic  receiver  computes  the  position  and  the 
velocity  of  the  spacecraft  from  pseudorange  and 
pseudorange  rate  measurements  from  at  least  four  GPS 
satellites.  Typically,  four  satellites  with  the 
minimum  Position  Dilution  of  Precision  (PDOP)  are 
selected.  The  pseudoranges  are  derived  from  time 
measurements  obtained  by  aligning  the  receiver 
generated  code  with  the  time-tagged  C/A  code  from  the 
GPS  satellites.  The  correlation  of  the  two  signals  is 
done  in  a  code-tracking  loop.  The  pseudorange  rates 
are  computed  from  the  frequency  shift  of  the  carrier 
signal.  At  least  four  measurements  are  required  to  get 
a  position  and  velocity  fix  because  the  receiver  clock 
bias  and  drift  need  to  be  resolved  as  well.  The  position 
is  computed  from  iterating  on  a  set  of  nonlinear 
equations  for  position  and  clock  offset  bias. 

THE  ATTITUDE  ALGORITHM 

The  attitude  algorithm  uses  carrier  phase  measurements 
at  the  different  antennas  from  identified  GPS  SV 
positions  in  the  sky.  The  basic  navigation  receiver 
was  augmented  to  add  a  capability  for  determining 
attitude.  The  changes  included  the  addition  of  three 
more  antennas  with  attendant  preamplifiers,  a 
multiplexer  for  time  sequencing  the  different  antenna 
signals  under  software  control,  and  separate  filtering  of 
the  phase  measurements.  The  sampled  "master" 
antenna  derived  phase  is  controlled  to  null  through 
closed  loop  control  of  the  NCO.  Additional  processing 


and  memory  has  been  added  to  perform  the  calculations 
for  attitude  determination. 

Carrier  signals  are  continuously  received  at  all  the 
spacecraft  GPS  antennas.  These  GPS  SV  sources  are 
identified  by  the  code  matching  process.  Each  receiver 
channel  processes  a  single  code  carrier.  The  differential 
range,  Ar,  is  the  distance  from  a  wave  front  plane 
normal  to  the  line  of  sight  from  a  GPS  SV  to  one  of 
the  antenna  locations  on  the  spacecraft.  For  a  unit 
vector  line  of  sight  direction,  Si,  from  the  ith  GPS  SV 
and  a  baseline  distance,  xj,  from  the  "master"  antenna 
to  the  jth  antenna,  the  differential  range  as  shown  in 
Figure  4  is  the  dot  product: 

Ary  =  Si  •  Xj  =  Si^A^xj 

The  second  expression  in  vector-matrix  format 
involves  the  matrix.  A,  which  is  the  angular 
transformation  from  the  GPS  reference  coordinate 
system  to  the  spacecraft  body  coordinates.  The 
transform,  A  ,  is  the  transpose  of  A.  The  carrier 
phase  at  an  antenna  location  is  the  differential  range 
less  the  integer  number,  k,  of  wave  length,  1,  these 
distances  are  established  for  each  antenna  and  specific 
GPS  SV.  Measured  in  units  of  wave  length  and 
including  antenna  line  bias,  b,  the  phase  is: 

A(!)ij  =  SiTATxj  -  kij  +  bj 

Attitude  determination  is  achieved  by  iteratively 
improving  estimates  of  the  transformation  matrix,  A, 
from  successive  measurements  of  carrier  phase,  Acf). 

Essential  to  the  master  equation  solution  above  is  the 
predetermination  of  the  base  line  vectors,  xj,  in  body 
coordinates  and  the  individual  antenna  line  bias  values. 
This  determination  is  done  in  a  process  called  Self 
Survey  prior  to  attitude  operation.  The  Integer 
Ambiguity  Resolution  is  also  required  before  attitude 
operation,  but  once  done,  the  integer  values  are  updated 
through  monitoring  of  the  phase  data. 

A  block  diagram  of  the  GPS  Attitude  Determination 
Software  Flow  is  shown  in  Figure  5.  The 
initialization  process  of  Self  Survey  determines  the 
vector  distances  between  the  master  antenna  and  the 
others.  The  line  biases  are  also  determined  in  this 
process.  This  process  is  performed  on  the  ground  on 
a  stationary  platform  with  known  orientation  with 
respect  to  the  local  earth  centered  reference  coordinates. 
This  data  is  not  expected  to  change  during  operation. 
The  integer  determination  is  conducted  just  before 
attitude  operation.  It  is  relatively  straight  forward  to 
keep  track  of  changes  in  differential  range,  Ar,  simply 
by  counting  the  number  of  times  a  differential  phase 
wraps  around  a  full  360°.  Several  integer  resolution 
techniques  are  implemented.  One  relies  on  GPS  SV 
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motion,  one  relies  on  receiver  attitude  changes  and 
another  relies  on  the  logical  elimination  of 
incongruous  integer/attitude  combinations.  Changes  in 
the  relative  carrier  phase  measured  over  time  reveal  the 
spacecraft  attitude  and  correspondingly,  the  integer 
ambiguities.  As  attitude  calculations  are  generated,  the 
integer  values  are  continuously  updated  and  separate 
integrity  checks  made.  See  reference  2. 

FLIGHT  OPERATION 

A  pictorial  of  the  CRISTA-SPAS  vehicle  showing  the 
location  of  the  GPS  TANS  Vector  antennas  is  shown 
in  Figure  6  along  with  the  coordinate  systems  used. 
The  vehicle  z  axis  is  aligned  with  the  line  of  sight  of 
the  CRISTA  telescope.  The  mission  had  the  line  of 
sight  trailing  the  velocity  direction  with  an  azimuth 
offset  lambda  =  18.6086°.  The  telescope  axis  is 
pitched  down  on  the  average  by  15.2035°  with  a 
variation  up  to  a  degree  to  maintain  the  line  of  sight 
at  a  tangent  altitude  nominally  of  62.9  km  above  the 
World  Geodetic  System  1984  oblate  Earth  model. 

Data  taken  from  the  TANS  Vector  during  the  flight 
was  stored  on  the  ASTRO- SPAS  tape  recorders. 
These  consisted  of  packets  of  3 1  words  at  0.5  second 
intervals  or  3  seconds  for  the  complete  set  of  6 
packets.  These  data  included  navigation,  attitude  and  a 
variety  of  internal  software  parameters.  These  include 
time  tags,  Satellite  Vehicle  identifications,  signal  to 
noise  levels,  code  phases,  carrier  beat  phases,  Doppler 
shifts,  and  differential  phase  between  antennas.  "Quick 
look"  data  was  taken  during  the  flight  during  twice 
daily  periods  when  the  Shuttle  communication  antenna 
was  directed  at  the  ASTRO-SPAS  for  uplinking 
commands  and  collecting  real  time  data. 

SELF  SURVEY 

The  self  survey  process  is  required  to  determine  the 
antenna  baseline  lengths  and  the  RF  line  bias 
associated  with  each  antenna/cable  path.  Baseline  and 
line  bias  parameters  are  required  for  the  solution  of  the 
attitude  determination  algorithm.  The  self  survey  is 
usually  performed  after  the  receiver  system  is 
configured  on  the  spacecraft  but  could  be  done  on  a 
separate  platform.  A  final  step  in  the  process  includes 
determination  of  data  for  derivation  of  direction  cosine 
transformation  between  the  laboratory  coordinates  of 
East-North-Up,  (ENU),  and  those  of  the  spacecraft. 
This  transformation  is  needed  since  the  processing 
establishes  the  baselines  in  a  computer  defined 
reference  frame  that  must  be  related  to  the  specific 
spacecraft  for  subsequent  use  in  attitude  determination. 

The  object  of  the  self  survey  alignment  procedure  is  to 
determine  the  transformation  between  the  local  East- 
North-Up  reference  frame  at  the  time  of  self  survey 


data  taking  and  the  spacecraft  reference  frame.  The 
transformation  is  then  calculated  in  terms  of  the  Euler 
angle  sequence  Azimuth(about  UP)  -  Pitch(about  the 
displaced  East)  -  Roll(about  the  displaced  North) .  The 
Up  axis  is  the  local  vertical  as  determined  by  nominal 
leveling  methods.  If  this  is  significantly  different 
fromWGS84  an  additional  correction  is  required)  The 
North  axis  is  in  the  local  horizontal  (orthogonal  to 
UP)  in  the  plane  of  UP  and  "true"  North  of  the  earth's 
axis  of  rotation.  The  spacecraft  axes  are  those 
associated  with  the  mechanical  layout  of  the  vehicle 
and  are  commonly  measured  from  the  mirror  surfaces 
of  an  alignment  cube. 

The  self  survey  starts  with  GPS  equipment  configured 
in  a  flight  configuration  i.e.  receiver,  preamps,  cables 
and  4  antennas  in  an  area  that  has  RF  access  to  the 
GPS  Constellation.  The  spacecraft  is  not  to  be  moved 
during  the  Self  Survey  data  collection.  Antenna/cables 
etc.  not  to  be  moved  within  spacecraft  henceforth  from 
initiation  of  Self  Survey  process. 

The  antenna  axes  nominally  established  by  the  self 
survey  data  processing  is  an  orthogonal  frame  defined 
as  a  single  azimuth  rotation  about  the  local  UP 
direction.  The  rotation  angle  nominally  is  the  angle  in 
the  local  horizontal  between  the  horizontal  projection 
of  the  baseline  2  vector  (master-#2  antenna)  with 
respect  to  the  E-N-U  frame.  Subsequent  attitude 
angles  are  referenced  to  this  antenna  frame  unless  it  is 
over  written  for  an  externally  defined  spacecraft 
reference. 

The  Self  Survey  data  acquisition  starts  with  GPS 
equipment  on  the  spacecraft  instrumented  with 
alignment  devices.  Data  is  accumulated  for  about  9 
hours  (about  120  data  bytes  every  5  minutes).  Post 
processing  the  data  provides  the  estimate  of  antenna 
baselines  and  line  biases. 

Optical  alignment  techniques  are  normally  used  on  the 
vehicle  to  establish  offsets  of  the  spacecraft  with 
respect  to  the  E-N-U  reference  frame  calibrated  in  the 
self  survey  area.  The  attitude  roll,  pitch,  and  yaw 
angles  are  generated  with  respect  to  this  spacecraft 
coordinate  system  or  default  antenna  axes.  The  self 
survey  alignment  data  in  terms  of  Euler  angles  is  input 
to  the  GPS  software  to  overwrite  the  default  settings. 
Comparison  of  baseline  vectors  in  spacecraft 
coordinates  with  mechanical  dimensions  of  antenna 
locations  can  be  used  for  approximate  verification. 
When  no  externally  measured  transformation  from 
spacecraft  to  local  ENU  reference  is  provided,  the  GPS 
software  maintains  a  default  transformation.  The 
default  transformation  is  one  that  relates  the  coordinate 
frame  of  the  antennas  with  the  local  ENU.  The 
horizontal  projection  of  the  no.  2  or  y  antenna  axis 
passing  through  the  designated  Master  antenna  to  the 
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no.  2  antenna  is  taken  as  the  starting  reference.  This 
axis  is  transformed  to  be  in  alignment  with  the  local 
horizontal  North  direction  with  a  single  axis  rotation 
about  the  local  Up  axis.  This  transformation,  unless 
modified,  is  used  to  coordinatize  the  baseline  distance 
vectors  with  respect  to  the  spacecraft  reference  axes. 
The  antenna  coordinate  frame  is  used  subsequently  for 
all  attitude  calculations.  The  no.  1  or  antenna  x  axis 
is  in  that  same  rotation  plane  and  orthogonal  to  the 
no. 2  axis  between  the  Master  and  #  2  antenna.  That  is 
the  pitch,  roll  and  azimuth  calculated  are  the  rotations 
of  the  antenna  reference  axes  that  were  related  to  ENU 
coordinates  as  they  existed  at  the  time  of  the  self 
survey.  To  reference  the  attitude  calculations  to  a 
specific  spacecraft  coordinate  frame  the  Euler  angles 
between  that  spacecraft  frame  and  the  antenna 
coordinates  must  be  over  written  by  those  calculated 
by  the  self  survey  data  processing. 

Optical  measurements  are  used  to  derive  a 
transformation  between  a  spacecraft  and  the  local  ENU 
frame  at  the  time  of  the  self  survey  process.  This 
transformation  is  required  to  re-reference  the  self  survey 
baselines  to  the  spacecraft  coordinates.  The 
transformation  of  spacecraft  axes  to  ENU  is  first  found 
from  external  measurements.  The  transformation 
between  ENU  and  the  antenna  frame  is  mathematicaly 
generated  in  the  self  survey  data  processing.  The  offset 
azimuth,  pitch,  and  roll  is  calculated  from  that 
measured  transformation  and  input  to  the  GPS 
software  overwriting  the  self  survey  calculated  angles 
between  the  antenna  frame  and  the  local  ENU. 

SELF  SURVEY  AND  COORDINATES  FOR 
CRISTA-SPAS 


The  self  survey  for  CRISTA-SPAS  was  not  taken  on 
the  spacecraft.  Instead  a  plywood  mockup  of  the 
antenna  configuration  was  made  replicating  the 
mechanical  positions  planned  for  the  spacecraft  as 
shown  on  Figure  7.  TTie  self  survey  data  collection 
for  9.3  hours  took  place  in  Palo  Alto  on  that  mockup. 
This  survey  determined  the  GPS  baselines  and  line 
biases  by  a  long  term  averaging  process  using  antenna 
phase  measurements  from  live  satellites.  These 
baseline  vectors  are  in  local  East-North-Up  coordinates 
at  the  survey  location  as  calculated  by  the  TANS 
Vector  software. 


Self  Survey  Antenna  Data  for 
3  Baselines  Vector s(cycles) 

East  North  Up 

-3.2410  -4.1092  0.1679 

-6.4092  -2.0818  -0.0508 

-3.6007  2.0368  0.1733 


Orientation  of  Antenna  Frame 
From  ENU  in  degrees 
Azimuth  Pitch  Roll 

252.005  0.000  0.000 

Line  Bias  Estimates  (cycles) 
Baseline  1  Baseline  2  Baseline  3 
0.099  0.977  0.262 


No  over- write  of  the  calculated  rotation  of  the  Master- 
no.  2  antenna  was  input  so  the  local  ENU  coordinates 
are  the  computational  reference.  That  is  the  antenna 
coordinates  are  defined  as  being  aligned  with  the  #2 
axis  along  the  Master-no.  2  antenna  which  in  this  case 
is  rotated  some  252.005°  away  and  with  no  pitch  or 
roll  offsets.  The  #1  axis  is  orthogonal  to  #2  and  in 
the  plane  of  #2  and  the  local  North  direction.  The  #3 
axis  is  defined  to  complete  the  orthogonal  set. 

The  transformation  must  be  defined  between  this 
antenna  frame  and  the  ASTRO-SPAS  spacecraft 
coordinates.  This  transformation  could  have  been 
unity  if  the  coordinates  of  the  spacecraft  reference 
frame  had  been  measured  with  respect  to  the  local  ENU 
and  the  offset  pitch,  roll,  and  azimuth  angles  been 
over- written  into  the  GPS  self  survey  data. 

The  method  used  to  find  the  transformation  between 
the  antenna  frame  and  the  spacecraft  started  by 
determining  the  North  direction  vector  ,transpose  (0  1 
0),  as  a  linear  combination  of  the  baseline  antennas 
vectors  in  ENU.  The  coefficients  thus  determined  are 
used  to  mathematically  construct  the  North  vector  in 
spacecraft  coordinates  using  the  baseline  distances  in 
spacecraft  coordinates  assumed  to  be  aligned  to  the 
mechanical  centers  of  the  GPS  patch  antennas.  The 
antennas  1-2-3  axes  can  now  be  generated  in  spacecraft 
coordinates.  With  the  antenna  coordinate  frame  defined 
in  both  ENU(at  the  self  survey  data  taking)  and  the 
spacecraft,  the  transformation  between  them  can  be 
generated.  Figure  8  shows  the  antenna  positions  and 
the  ASTRO-SPAS  coordinates  in  the  Self  survey  ENU 
coordinates.  The  #2  antenna  axis  is  about  14.7°  away 
from  the  CRISTA-SPAS  z  or  telescope  axis  and  in  the 
plane  of  the  CRISTA-SPAS  z  and  y  axes. 

NAVIGATION  FLIGHT  DATA 


Figure  9  shows  the  radial  distance  from  the  earth 
center  of  the  ASTRO-SPAS  as  determined  by  the  GPS 
TANS  Vector  Receiver.  The  orbital  period  radial 
variation  of  about  6  km  indicates  a  near  zero 
eccentricity  about  0.0003.  The  distortions  of  the  wave 
shape  is  primarily  attributed  to  the  J2  gravitational 
effect.  This  waveshape  has  been  seen  in  simulations 
of  this  Shuttle  orbit.  Tlie  velocity  magnitude  from  the 
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GPS  measurements  show  a  gradual  increase  over  about 
2  and  half  revs  of  some  220  m/s  which  is  attributed  to 
the  effect  of  atmospheric  drag  of  the  Shuttle  altitude 
about  500  km.  A  difference  in  position  and  velocity 
as  determined  by  the  TANS  Vector  and  the  SEL 
receivers  is  shown  in  Figure  10.  Except  for  noise  in 
the  data  these  differences  are  mostly  within  a  few 
hundred  meters  and  a  few  meters/second. 

ATTITUDE  DETERMINATION  FLIGHT 
DATA 

The  inclination  angle  during  the  mission  was  exactly 
57°  as  predicted,  but  the  precise  value  differed  a  little 
during  every  orbit,  <0.1°.  The  CRISTA-SPAS  yaw 
angle  of  18.6086°  stayed  constant  during  the  nominal 
measurement  times  of  the  mission,  but  the  pitch  angle 
nominally  15.2035°  was  adjusted  to  maintain  the 
telescope  line  of  sight  at  the  tangent  altitude  height 
over  the  oblate  Earth  nominally  at  62.9  km.  The  on 
board  attitude  determination  system  controls  the 
vehicle  to  an  axis  frame  determined  by  a  quaternion 
based  attitude  command.  Those  quaternions  refer  to 
J2000.  The  processing  accounts  for  precession, 
nutation,  and  earth  rotation  Polar  motion  is  ignored. 
Figure  1 1  shows  the  attitude  of  the  CRISTA-SPAS 
as  determined  by  this  truncated  quaternion  data.  The 
roll  and  yaw  angles  were  determined  within  about 
0.05°  of  the  nominal  values.  The  pitch  angles  show 
the  variation  due  to  the  earth  oblateness. 

Figure  12  shows  a  comparison  of  the  attitude  as 
determined  by  the  Tans  Vector  and  that  derived  from 
the  ASTRO-SPAS  quaternions  and  the  derived 
spacecraft  to  antenna  transformation.  The  attitude 
difference  between  measured  and  derived  attitude  for  a 
representative  four  hour  data  file  is  shown  in  Figure 
13.  The  attitude  and  attitude  deviation  from  a  fitted 
polynomial  curve  over  a  20  minute  time  segment 
shows  the  structure  of  the  attitude  measurements  in 
Figure  14  and  15. 

ATTITUDE  PERFORMANCE  ACCURACY 

Over  a  set  of  samples  covering  a  span  of  close  to  24 
hours  of  operation  the  Root  Mean  Square  (RMS) 
attitude  variations  around  mean  motion  was  about 
0.19°  in  roll,  0.15°  in  pitch  ,  and  0.26°  in  azimuth. 
To  eliminate  uncertainties  in  the  true  attitude,  the 
mean  motion  was  taken  with  respect  to  a  polynomial 
fit  of  the  data  over  each  sample  interval. 

GPS  RECEIVER  OPERATION 

The  TANS  Vector  operated  satisfactorily  for  both 
navigation  and  attitude  determination  within  several 
hours  of  turn  on  in  space.  The  software  established 


GPS  SV  acquisition  from  virtually  cold  star 
conditions.  The  power  to  the  TANS  Vector  was 
cycled  at  least  four  times  during  the  mission  with 
acquisition  being  achieved  from  cold  start  conditions 
each  time.  After  about  four  days  the  attitude  solution 
stopped.  This  anomaly  was  not  unexpected.  The 
attitude  determination  circuitry  and  processor  is 
separate  and  was  integrated  with  the  navigation 
elements  in  the  TANS  Vector  design  with  some  shared 
memory  connection.  Both  navigation  and  attitude 
processors  operate  independently.  An  interference  in 
the  common  interface  circuitry  is  a  statistical  event 
that  causes  lock-up  in  the  attitude  determination 
software.  Reloading  attitude  software  and  restarting 
the  processing  is  the  nominal  solution.  This  solution 
was  not  possible  in  the  flight  system  on  ASTRO- 
SPAS  due  to  the  limited  command  capability  allowed 
to  the  TANS  Vector.  The  only  command  available 
during  flight  was  power  on  or  off.  The  GPS  Tensor 
under  development  has  only  one  processor  and  has  no 
segmented  processing  and  memory  elements  therefore 
this  lock-up  can  not  occur  in  the  GPS  Tensor. 

SUMMARY 

A  successful  GPS  operation  of  navigation  and  attitude 
determination  occurred  in  space  with  the  Tans  Vector 
operating  on  the  ASTRO-SPAS  on  STS  66, 
November  3-14,  1994.  The  operation  met 
performance  expectations. 
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Figure  1 ,  CRISTA  -SPAS  in  Orbit 
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Figure  2,  GPS  Receiver  Functional  Block  Diagram 
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Figure  3,  GPS  Receiver  Channel 
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Plane  Normal  to  LOS 


Figure  4.  Differential  Antenna  Range  Figures,  Attitude  Determination  Software  Flow 


Figures,  CRISTA -SPAS  Vehicle  With  GPS  Antennas 
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Figure  8,  Antenna  Positions  in 

CRISTA-SPAS  and  END  Coordinates 
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Figure  9,  GPS  Measured  Radius  Distance  Figure  1 0,  Difference  in  Position  and  Velocity 
and  ECEF  Velocity  Between  TANS  Vector  and  SEL  Receivers 


Figure  11,  Dip  angle  of  CRISTA-SPAS  Telescope  Axis 
With  Respect  to  Local  Horizontal 
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Figure  12,  Attitude  From  GPS  Compared  to 

CRISTA-SPAS  Quaternion  Derived  Data 
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Figure  13,  Attitude  Difference  Between  GPS 
Measured  and  Derived  Data 
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Figure  14,  GPS  Attitude  For  20  Minute  Interval 
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Figure  15,  Attitude  Difference  Between  GPS 
Data  and  Fitted  Polynomial 


The  GPS  Attitude  Determination  Hyer  (GADFLY): 
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ABSTRACT 

The  Global  Positioning  System  (GPS)  Attitude 
Determination  Flyer  (GADFLY)  experiment  is  slated  to 
fly  on  the  Small  Satellite  Technology  Initiative  (SSTI) 
Lewis  spacecraft  in  July,  1996.  The  primary  objective  of 
the  GADFLY  experiment  is  to  demonstrate  and  validate 
the  cost-saving,  systems  engineering  features  that  can  be 
exploited  by  using  GPS  receivers  in  space  vehicles.  The 
experiment’s  physical  hardware  includes  four  GPS 
antennas  and  preamplifiers,  cross-strapped  to  two  Space 
Systems/Loral  GPS  Tensor  receivers.  This  will  be  the  first 
flight  of  a  fully  space-qualified  GPS  receiver  capable  of 
simultaneously  sensing  space  vehicle  attitude,  orbit  and 
providing  a  precise  time  reference. 

INTRODUCTION 

The  SSTI  program  was  established  by  the  NASA 
Administrator  as  a  demonstration  platform  for  new 
science  and  engineering  technologies.  Two  SSTI 
spacecraft  are  currently  being  developed  for  NASA 
Headquarters;  “Lewis”,  by  TRW,  and  “Clark”  by  CTA. 
Both  are  technology  demonstration  spacecraft  with  Earth 
Science  objectives  that  are  meant  to  illustrate  the  NASA 
philosophy  of  “smaller,  faster,  better,  cheaper”  by  being 
developed  in  two  years.  SSTI-Lewis  will  be  flying  sbc 
other  science  and  engineering  experiments  in  addition  to 
GADFLY,  and  has  a  five  year  design  life. 

The  Space  Systems/Loral  GPS  Tensors  are  being  flown 
on  GADFLY  primarily  as  an  attitude  determination 
experiment,  providing  the  first  long-term,  on-orbit  flight 
of  a  space-qualified  GPS  receiver  capable  of  deriving 
spacecraft  attitude.  This  experiment  will  also  demonstrate 
precise  time  distribution  and  provide  autonomous  real¬ 
time  navigation  solutions  to  the  spacecraft  subsystems 
and  other  experiments.  The  spacecraft  clock  will  use  a 
timing  signal  and  a  “time  at  the  tone”  message  fi-om  the 
GPS  Tensor  to  maintain  a  timing  accuracy  to  better  than 
two  milliseconds.  A  GPS  timing  testbed  is  being 


developed  at  the  Goddard  Space  Flight  Center  to  develop 
and  test  the  techniques  of  getting  this  timing  information 
from  the  GPS  Tensor  onto  a  MIL-STD-1553  spacecraft 
bus.  In  addition  to  the  timing  information,  navigation 
solutions  provided  by  the  GPS  Tensor  will  be  used  by  the 
spacecraft  to  support  its  science  experiments.  To  improve 
on  the  real-time  navigation  accuracy  delivered  by  the 
GPS  Standard  Positioning  Service,  the  GPS  Enhanced 
Orbit  Determination  Experiment  (GEODE)  is  being 
developed  for  GADFLY.  GEODE,  an  enhanced 
navigation  filter  developed  at  the  Goddard  Space  Flight 
Center,  is  expected  to  be  embedded  in  the  Tensor  to 
provide  navigation  accuracy  on  the  order  of  20  meters  la. 
The  GADFLY  performance  goals  are  shown  in  table  1. 


Spacecraft  Requirement 

GADFLY  Goals 

Attitude  Determination 

None  (using  GPS) 

0.45®  3a 

Orbit  Determination 

150  m  3ct  in-track 

150  m  3a  cross-track 

230  m  3a  radial 

Time  Tags:  2  msec, 

1  Hz  update 

450  m  3a  unfiltered 

150  m  3a  Tensor  filtered 

60  m  3a  GEODE 

Time  Tags:  <  1  msec 

1  Hz  update 

Precise  Timing 
Reference 

1  msec.  1  Hz  update 

Time  Tags  <  1  msec 
Discrete  Pulse  <  I  ijsec 

Table  1:  GADFLY  Performance  Goals 


Because  SSTI-Lewis  has  primarily  Earth  Science 
objectives,  it  is  an  Earth  pointing  spacecraft.  See  figure  1. 
Four  GPS  antennas  with  one  foot  diameter  aluminum 
ground  planes  are  located  on  the  spacecraft’s  zenith¬ 
pointing  side  as  shovm  in  the  figure.  The  two  GPS 
Tensors  will  be  cross-strapped  to  these  four  antennas  for 
redundancy.  Figure  2  represents  the  location  of  the 
Tensor  and  preamplifier/splitter  module  within  the  Lewis 
spacecraft  and  figure  3  represents  the  GADFLY  hardware 
block  diagram.  Each  Tensor  receiver  will  provide  attitude 
and  attitude  rate  (calculated  from  GPS  signal  doppler 
measurements)  information  at  a  minimum  update  rate  of 
4  Hz.  While  the  GPS-derived  attitude  information  will  not 
be  used  for  closed-loop  control,  information  from  the 
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Figure  4:  GADFLY  System  Configuration 

Figure  4  shows  an  end-to-end  diagram  of  the 
configuration  of  the  GADFLY  experiment,  from  the  GPS 
constellation  shown  at  top,  through  the  GPS  antennas  and 
receiver,  and  into  the  other  hardware  and  software 
systems  that  will  be  used  to  fulfill  the  various  aspects  of 
its  mission.  The  GADFLY  experiment  will  be  the  first 
space  mission  to  use  a  fully  space-qualified  GPS  receiver 
capable  of  calculating  spacecraft  attitude,  orbit  and  time. 
In  addition,  because  of  the  long  duration  of  the  mission, 
and  the  fact  that  other  sensors  and  capabilities  will  be 
available  to  verify  and  calibrate  the  GPS  attitude,  orbit 
and  time,  the  experiment  will  provide  invaluable,  long 
term  information  on  the  use  of  GPS  in  space. 

TENSOR  DESCRIPTION 

The  SS/Loral  Tensor  receiver  is  being  developed  as  a 
flight-qualified  attitude  determination,  orbit  determination 
and  precise  timing  sensor  which  uses  the  radio  frequency 
signals  received  by  the  constellation  of  24  GPS  satellites. 


1pps  24>3a.6VOC  RS422  RS422  24<38.6V  DC  1  pps 

S/CI/F  S/CI/F  GEMl/F  GEM  l/F  S/C  l/F  S/C  l/F 


NOTES:  pp«  -  PULSE  PER  SECOND 
S/C  -  SPACECRAFT 
l/F  -  interface 

Rpu  «  receiver  processor  unit 

GEM  -  GODDARD  EUCTRONICS  MODULE 


Figure  3:  GADFLY  Hardware  Block  Diagram 

other  attitude  sensors  onboard,  including  a  CCD  Star 
Tracker  and  an  Earth  Sensor,  will  be  used  to  calibrate  and 
verify  the  output  of  the  GPS  receivers. 


The  Tensor  uses  the  GPS  Standard  Positioning  Service 
(SPS)  Course  Acquisition  (C/A)  code,  which  operates  at 
the  GPS  LI  (1575.25  MHz)  frequency.  The  receiver 
offers  13  real-time  output  states;  time,  and  three-axis 
attitude,  attitude  rate,  position,  and  velocity.  The  Tensor 
to  be  flown  on  SSTI-Lewis  is  a  redundant  unit  comprised 
of  three  major  assemblies:  two  Receiver  Processor  Units 
(RPUs),  a  four  channel  preamplifier/splitter  and  four  LI 
frequency  GPS  patch  antennas.  A  mechanical  drawing  of 
a  redundant  Tensor  receiver  processing  unit,  with 
pertinent  physical  characteristics  is  shown  in  figure  5. 
Similarly,  the  preamplifier/splitter  and  the  antennas  are 
illustrated  in  figure  6. 

The  Tensor  has  nine  physical  channels  and  uses 
multiplexing  to  enable  the  four  antennas  to  each  track  up 
to  nine  satellites  simultaneously,  effectively  making  it  a 
36  channel  receiver.  The  Tensor  uses  a  RAD6000  RISC 
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•  SPACE  SYSTEMS/LORAL  (SS/L)  PART  NUMBER:  E034580 

•  EXTERNAL  FINISH; 

-  MOUNTING  SURFACE  CONTACT  AREA: 

CHEM  FILM  PER  MIL-C-5541,  CLASS  3 

-  EXTERIOR  SURFACES:  BLACK  CHEMGLAZE 
Z306  PAINT 

-  THERMAL  CONTROL  EMISSM7Y:  0.9 

•  THERMAL  DISSIPATION:  14.0  WATTS.  AVERAGE 

•  UNIT  WEIGHT:  8.9  LBS 

•  DIMENSIONS:  3.15  x  10.83  x  7.05  IN 

•  MOUNTING  SURFACE  CONTACT  AREA:  34  SO.  II 

Figure  5:  Tensor  Receiver  Processing  Unit 


FOUR  channel  PREAMPURER/SPUTTER 

•  THERMAL  DISSIPATION:  1.0  WATT.  ORBIT  AVERAGE 

•  UNIT  WEIGHT  0.9  LBS. 

•  DIMENSIONS;  2.00  x  S.43  x  3.01  IN. 

•  MOUNTING  SURFACE  CONTACT  AREA; 

4.6  SO.  IN 

GPS  ANTENNA  (1  OF  4) 

•  BALL  QPS  ANTENNA  PART  NUMBER  301700-500 

•  ELECTRICAL  SPECIFICATIONS: 

-  FREQUENCY:  1573.4  -  1577.4  MHz 
-VSWR;  2.0:1. 0 

-  GAIN  (AS  MEASURED  ON  16  INCH  GROUND  PLANE) 
•  AZIMUTH  COVERAGE:  OMNI-OIRECTIONAL 

-  ELEVATION  COVERAGE;  HEMISPHERICAL 
-POLARIZATION:  RIGHT  HAND  CIRCULAR 

•  THERMAL  DISSIPATION:  0  WATTS 

•  UNITWBQHT;  0.20  L8S 

•  DIMENSIONS:  2.87  x  2.B7  x  0.34  IN. 


Figure  6:  Tensor  Preamp/Splitter  and  Antennas 

microprocessor  operating  at  20  MHz.  Attitude  data  from 
the  Tensor  can  be  provided  to  the  spacecraft  at  update 
rates  of  up  to  10  Hz.  For  the  GADFLY  application,  a 
4  Hz  update  rate  is  provided.  Tensor  data  is  fed  to  a 
specially  designed  Goddard  Electronics  Module  (GEM) 
through  an  RS-422  serial  data  interface  operating  at 
9600  baud.  The  GEM  then  converts  the  RS-442  serial 
data  from  the  Tensor  to  MIL-STD-1553  data  interface 
format  which  is  accepted  by  the  Lewis  spacecraft  data 
system. 

Redundancy  is  accomplished  by  cross  strapping  the  four 
preamplifiers/splitters  and  antennas  to  the  two  identical 
RPUs.  If  one  of  the  antennas  or  preamplifiers/splitters  fail 
on-orbit,  the  remaining  three  can  still  perform  the  time 
and  orbit  functions  at  full  accuracy  and  the  attitude 
function  at  reduced  accuracy. 

Schedule  Risk  Mitigation 

The  SSTI-Lewis  development  and  launch  schedule  is 
very  ambitious.  Moreover,  the  Tensor  receiver  is  a  new 
product  still  under  development.  Thus,  there  is  a 
quantifiable  risk  that  the  flight  Tensor  delivery  would 
arrive  late  in  the  spacecraft  integration  and  testing 
activities.  To  mitigate  the  potential  risk  associated  with  a 
late  delivery  to  the  spacecraft,  several  plans  were  put  in 
place.  First,  a  Tensor  emulator  was  developed  at  the 
Goddard  Space  Flight  Center  to  emulate  the  timing 


interface  and  the  data  packet  format.  This  emulator  is 
intended  to  expedite  the  interface  testing  of  the  GEM.  In 
addition,  a  Brass  Board  Engineering  model  of  the  Tensor 
was  delivered  to  the  GSFC  in  mid-July,  1995.  From  a 
mechanical  and  electrical  interface  standpoint,  this  unit 
can  be  used  as  a  form,  fit  and  function  replacement  to  the 
Tensor.  It  possesses  the  same  chassis  and  mounting 
interfaces.  It  will  allow  the  SSTI-Lewis  team  to  perform 
about  90%  of  the  interface  verification  checks.  Its 
primary  differences  reside  in  the  fact  that  it  is  a  six 
(versus  nine)  channel  receiver,  it  uses  several  Field 
Programmable  Gate  Arrays  on  a  daughter  board,  instead 
of  a  single  ASIC,  and  it  possesses  a  lower  voltage  DC/DC 
Converter  to  supply  input  power. 

GPS  TIME  CODE  TEST  BED 

Precise  timing,  using  GPS,  promises  to  significantly 
reduce  spacecraft  development  and  systems  operations 
costs.  Expensive,  onboard  precision  oscillators,  such  as 
the  $400,000  oscillators  flown  on  the  X-Ray  Timing 
Explorer,  can  be  replaced  with  less  precise,  inexpensive 
($10,000  or  less)  oscillators  that  are  updated  frequently 
using  GPS.  In  addition,  the  current  state  of  the  practice  in 
time  distribution  requires  a  significant  time  distribution 
harnessing  infrastructure  to  synchronize  all  the  spacecraft 
subsystem  clocks.  By  using  GPS  through  a  spacecraft  bus 
architecture,  a  significant  harness  weight  savings  and 
integration  and  testing  time  savings  can  be  realized.  The 
GPS  time  distribution  approach,  planned  for  future 
spacecraft,  will  significantly  enhance  spacecraft 
autonomy  by  eliminating  the  ground-based  manual  labor 
and  multiple  ground  stations  that  are  required  to  correlate 
the  spacecraft  clock  to  UTC.  Currently,  many  spacecraft 
require  daily  clock  updates  from  the  ground  to  maintain 
the  clock  precision  required  to  meet  the  spacecraft 
mission  objectives.  This  ground  intervention  activity  will 
be  totally  eliminated  with  the  GPS  time  distribution 
approach  planned  for  Lewis  and  future  spacecraft.  Also, 
the  existence  of  an  onboard  precise  time  reference  will 
allow  science  data  to  be  time-tagged  upon  downlink  to 
the  ground,  and  will  facilitate  the  performance  of 
concurrent  science  by  multiple  spacecraft  and/or  sites. 
The  future  direction  of  spacecraft  time  management  is 
illustrated  in  Table  2. 

To  adequately  validate  the  Lewis  spacecraft  time 
distribution  concept,  a  GPS  Timing  Test  Bed  is  being 
developed  at  the  GSFC.  This  test  bed  will  evaluate  and 
characterize  GPS  time  distribution  through  a  series  of 
time  monitoring  measurements.  The  test  bed  intends  to 
validate  the  GPS/spacecraft  time  distribution  interface,  to 
measure  the  accuracy  and  stability  provided  by  the  GPS 
time  distribution  design  and  to  determine  the  complexity 
of  the  user  clock  to  meet  various  mission  objectives.  This 
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Time  Correlation 


Time  Distribution 


Vhat  we  have...  Range  delay  method  using  Distribution  of  multiple  clocks 
manual  operations  with  discrete  interfaces  +  time 
(accurate  to  «  100  psec)  code  via  1553/1773 

Vhat  we’d  like...  Autonomous  onboard  time  Distribution  of  time  sync  and 
maintenance  time  code  solely  via  1 553/1773 

(accurate  to  «  10  psec) 

Vhy?  Reduce  mission  operations  Reduce  spacecraft  complexity 

costs  and  improve  accuracy  and  development  cost 


Table  2:  Time  Management  Direction 


facility  is  being  developed  to  characterize  not  only  the 
SS/L  Tensor  receiver,  but  any  receiver  that  provides  time 
code  information.  A  block  diagram  of  the  timing  test  bed 
is  shown  in  figure  7.  As  shown,  all  major  components  in 
this  test  bed  can  be  linked  through  a  MIL-STD-1553  or 
1773  data  interface.  For  the  SSTI-Lewis  application,  a 
1553  interface  is  used.  Using  the  time  monitor,  connected 
to  the  bus  as  a  remote  terminal,  the  data  latency  and  clock 
stability  of  the  GPS  time  distribution  can  be  monitored. 
As  shown,  various  components  can  be  added  to  the  bus  to 
determine  how  data  bus  sharing  £ind  loading  will  impact 
the  timing  distribution. 


Figure  7:  GPS  Time  Code  Test  Bed 

Design  details  of  the  GPS  time  distribution  technique 
envisioned  for  future  NASA  spacecraft  are  shown  in 
figures  8-10.  Currently,  spacecraft  time  distribution  is 
performed  through  hardware  discretes.  Future  spacecraft 
will  distribute  timing  data  through  the  spacecraft 
1553/1773  bus,  as  shown  in  figure  8.  A  special  interface 
is  in  development  to  capture  the  1  Hz  timing  pulse  fi*om 
the  GPS  receiver  and  the  “time  at  the  tone”  information 
from  the  GPS  data  interface  (in  this  example  an  RS-422 
interface)  and  broadcast  the  timing  data  over  the  bus. 
Thus,  all  subsystems,  components  and  the  spacecraft 
master  computer  would  receive  this  timing  data 
simultaneously.  Figure  9  illustrates  how  the  various 
components  in  the  spacecraft  would  update  their  timing 


WHEN  THE  TIME  TONE"  MESSAGES  IS  RECEIVED.  THE  VALUE 
IN  THE  LOCAL  COUNTER  IS  UTCHED  BY  HARDWARE 

WHEN  THE  'AT  THE  TONE  THE  TIME  WAS’  MESSAGE  IS  RECEIVED.  SOFTWARE 
READS  THE  TIME  CAPTURE  LATCH  AND  ASSOCIATES  IT  WITH  THE  TRUE  TIME 
TO  DETERMINE  TIME  LOCAUY.  THE  up: 

-  READS  THE  CURRENT  VALUE  OF  ITS  COUNTER 

*  SUBTRACTS  THE  LATCHED  VALUE 

-  SCALES  ITS  OSClUATOR  FREQUENCY  TO  MATCH  THE  TIME  CODE 

•  ADDS  THE  REFERENCE  TIME  ASSOCIATED  WTTH  THE  LATCHED  VALUE 

BY  COMPARING  THE  DaTA  BETWEEN  SUCCESSIVE  TIME  UPDATES.  THE  LOCAL 
OSCILLATOR  CAN  BE  RE-CALIBRATED  TO  COMPENSATE  FOR  ITS  INACCURACIES 


Figure  9:  Spacecraft  Component  Clock  Calibration 


THE  GPS  INTERFACE  COMPONENT  USES  THE  SAME  CIRCUITRY 
AUGMENTED  BY  THE  CAPABILITY  TO  LATCH  THE  TIME  OF  THE 
1  Hz  PROVIDED  FROM  THE  GPS 

BY  INTERPRETING  MESSAGES  RECEIVED  FROM  THE  GPS  RS*422 
INTERFACE.  THE  GPS  INTERFACE  COMPONENT  DETERMINES 
THE  TRUE  TIME"  IN  THE  SYSTEM 

Figure  10:  GPS  Interface  to  Spacecraft  Bus 


signal  with  this  broadcast  data.  Figure  10  illustrates,  from 
a  top  level,  the  design  of  the  GPS  interface  circuitry 
which  accepts  the  1  Hz  timing  discrete  from  the  GPS 
receiver  and  the  “time  at  the  tone”  data  and  produces  the 
spacecraft  time  reference.  The  eventual  goal  of  the  time 
distribution  activity  is  to  reduce  the  size  of  the  GPS 
interface  block,  shown  in  figure  8,  to  a  multichip  module 
for  1553  and  1773  data  systems.  This  can  then  be 
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embedded  into  the  various  GPS  receivers  to  save  weight, 
size  and  power. 

The  GPS  time  distribution  techniques  described  above 
could  not  be  totally  implemented  on  the  SSTI-Lewis 
spacecraft  due  to  the  ambitious  development  and  launch 
schedule.  In  particular,  the  1  Hz  discrete  pulse  is 
delivered  directly  to  the  spacecraft  data  system  instead  of 
being  processed  by  the  GPS  interface  card  (the  GEM)  and 
sent  through  the  bus.  See  figure  11.  The  “time  at  the  tone” 
information  is,  however,  sent  through  the  bus.  The 
methods  to  be  flown  on  SSTI-Lewis  represent  an 
important  incremental  step  in  the  development  of  a 
precise,  autonomous,  onboard  system  for  maintaining  and 
distributing  time  information  derived  from  GPS. 


GEM  RECEIVES  MESSAGES  VIA  THE  RS422  INTERFACE 

GEM  INTERPRETS  THE  “AT  THE  NEXT  1  Hz,  THE 
TIME  WILL  BE"  MESSAGE 

GEM  MAKES  THIS  TIME  AVAILABLE  FOR  THE 
S/C  BUS  CONTROLLER 

IN  SSTl,  THE  S/C  WILL  READ  THE  GEM«  512 
MILUSECONDS  TO  OBTAIN  THIS  TIME 

Figure  11:  SSTI-Lewis  Time  Distribution  Concept 

GADFLY  ENHANCED  ORBIT  DETERMINATION 
EXPERIMENT 

The  current  state  of  the  practice  for  space  vehicle  orbit 
determination  is  to  provide  a  periodic  uplink  of  the 
vehicle  ephemeris  data  based  on  ground  station  ranging 
techniques.  This  scenario  is  very  labor  and  ground 
operations  intensive.  By  flying  a  GPS  receiver  on  a 
spacecraft,  it  becomes  possible  to  determine  the 
spacecraft’s  position  onboard,  autonomously.  However, 
the  accuracy  of  this  position  with  a  C/A  code  GPS 
receiver  is  on  the  order  of  100-200  meters,  and  the  GPS- 
derived  velocity  is  not  accurate  enough  to  derive  good 
orbit  predictions  for  the  spacecraft.  The  purpose  of  the 
GADFLY  Enhanced  Orbit  Determination  Experiment 
(GEODE)  is  to  develop  and  implement  a  filter  for  the 
GPS  position  and  velocity  in  order  to  increase  the 
accuracy  of  the  position  to  the  order  of  20-50  meters,  and 
improve  the  accuracy  of  the  velocity  to  allow  a 


completely  autonomous  onboard  orbit  determination 
scheme.  The  combination  of  these  two  functions  will 
satisfy  the  majority  (>95%)  of  NASA’s  upcoming  Earth 
orbiting  space  missions. 

Table  1  depicts  the  GADFLY  performance  goals, 
including  the  orbit  determination  requirements.  As 
shown,  filtered  point  solutions  generated  by  a  C/A  code 
receiver  under  selective  availability  are  expected  to  meet 
the  requirements  of  the  most  stringent  instrument  on  the 
SSTI-Lewis  spacecraft — the  Hyperspectral  Imager  (HSI) 
Earth  Observer.  However,  additional  orbit  determination 
filtering  can  yield  better  orbit  determination  accuracy. 
While  the  HSI  requirements  are  met  using  the  standard 
C/A  code  receiver  with  point  filtering,  enhanced  science 
can  be  obtained  with  more  accurate  orbit  determination. 
In  particular,  the  HSI  instrument  has  a  70  meter  orbit 
determination  goal  to  meet  its  enhanced  science 
objectives.  Since  there  is  excess  CPU  and  memory 
capacity  on  the  Tensor,  the  opportunity  arose  to 
incorporate  filtering  software  in  the  receiver  that  will 
produce  vectors  accurate  enough  to  exceed  the  HSI 
navigation  goal.  The  objective  of  the  GEODE  team  is  to 
develop  filtering  algorithms  for  enhanced  orbit 
determination  to  be  integrated  into  the  Tensor,  A  block 
diagram  of  the  GEODE  hardware  and  data  throughput 
configuration  is  shown  in  figure  12. 


Figure  12:  GEODE  Configuration 


Expected  Benefits 

In  addition  to  providing  improved  positions  for  the  HSI 
instrument,  the  GEODE  filter  provides  a  strong  dynamic 
coupling  between  the  position  and  velocity  that  is  lacking 
in  point  solutions.  This  is  particularly  important  when  the 
state  vectors  are  to  be  used  for  ephemeris  prediction.  The 
improved  dynamics  allow  the  receiver  to  continue  to 
generate  accurate  states  during  signal  outages  or  degraded 
coverage  while  the  filter  propagates  the  state  without 
measurements.  Enhanced  GPS  states  that  are  downlinked 
can  now  be  propagated  accurately  for  science  planning 
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and  scheduling,  eliminating  the  added  cost  of  ground 
processing  which  was  previously  performed  to  enhance 
the  real-time  onboard  solutions.  The  GEODE  software  is 
being  developed  to  be  portable,  and  modular,  allowing  it 
to  be  reused  on  other  missions  and  incorporated  in  other 
GPS  receivers. 

GEODE  Heritage 

To  meet  more  accurate  onboard  orbit  requirements  and  to 
reduce  operations  costs  for  spacecraft  that  use  NASA’s 
TDRSS  communications  satellites,  Goddard’s  Flight 
Dynamics  Division  developed  an  autonomous  navigation 
system  that  derives  onboard  tracking  data  from  the 
nominally  scheduled  communications  uplink  signal.  The 
TDRSS  Onboard  Navigation  System  (TONS)  coordinates 
the  transponder  and  flight  computer  to  acquire  tracking 
data  and  compute  orbit  solutions,  creating  a  navigation 
system  from  existing  spacecraft  systems  that  imposes  few 
or  no  hardware  or  power  requirements  in  addition  to  the 
communications  needs.  TONS  implements  an  extended 
Kalman  filter  with  high  fidelity  force  and  statistical 
models  to  sequentially  process  Doppler  observations 
output  by  the  transponder  carrier  tracking  loop  and  is 
capable  of  producing  solutions  on  the  level  of  the  GPS 
precise  positioning  service.  In  a  demonstration  with  the 
EUVE  spacecraft  the  filter  operated  without  divergence 
for  320  days,  comparing  to  high-accuracy  definitive 
solutions  to  25  meters  la.  The  filter  also  propagated  over 
data  gaps  of  up  to  24  hours  with  only  150  meters  of  error 
growth  and  with  immediate  recovery  at  the  next  contact. 
GEODE  will  use  applicable  experience  and  software  from 
TONS  to  substantially  shorten  the  development  schedule 
and  meet  the  Lewis  milestones. 

Software  Development 

While  TONS  uses  integrated  Doppler  observations  as 
inputs  to  the  filter,  the  Tensor  Iprovides  pseudorange, 
carrier  phase,  and  Doppler.  However,  the  filter  structure 
and  spacecraft  dynamics  are  not  dependent  on  data  type, 
and  the  intent  is  to  modify  the  TONS  filter  to  accept  the 
GPS  observations  and  reuse  much  of  the  flight  software 
developed  for  the  TONS  application  on  EOS-AMl. 

Key  algorithms  to  be  developed  for  GEODE  include 
measurement  models  for  the  GPS  observables  and  a 
routine  for  satellite  selection.  Extraction  of  the  GPS 
broadcast  data  message  is  done  by  the  Tensor,  and  the 
basic  GPS  constellation  position  and  timing  information 
will  be  available  to  the  GEODE  software  in  memory.  See 
figure  13. 


RS  6000  MICROPROCESSOR 


Figure  13:  Software  Architecture 


Code  development  will  take  place  on  a  Sun  workstation 
and  an  RS/6000  workstation.  Another  RS/6000 
workstation  will  be  used  to  emulate  the  Tensor  to  gain 
experience  in  downloading  code  and  to  evaluate  timing 
and  code  size  before  the  Tensor  delivery. 

Flight  software  is  being  developed  in  two  builds.  The  first 
is  to  be  ready  by  delivery  of  the  Tensor.  It  will  include 
new  functions,  not  reused  from  TONS,  such  as  interfaces 
to  the  Tensor  software,  basic  observation  models,  and 
one-second  state  generator.  The  second  build,  to  be 
completed  prior  to  spacecraft  integration  and  test,  will 
implement  the  full  orbit  determination  capability. 

Flight  Testing 

The  spacecraft  state,  as  well  as  covariances  and  other 
parameters  sufficient  for  full  performance  evaluation  will 
be  downlinked  in  telemetry.  Raw  observations  from  the 
Tensor  will  be  post-processed  in  combination  with  data 
from  a  network  of  GPS  receivers  on  the  ground  to 
produce  high-accuracy  solutions  that  can  be  used  as  a 
baseline  of  comparison.  Orbits  derived  from  S-band 
tracking  will  be  used  to  provide  and  independent  check  of 
the  GEODE  solutions. 

GADFLY  PRE-FLIGHT  TEST  PLANS 

Prior  to  the  delivery  of  the  Tensor  receiver  to  GSFC, 
several  environmental  tests  are  to  be  performed  to 
validate  flight  worthiness.  In  particular,  a  14.14  Grms  one 
minute  vibration  of  the  RPUs,  preamplifiers  and  antennas 
will  be  performed.  This  will  be  followed  up  with  a  8  cycle 
thermal  vacuum  test  which  will  be  completed  over  a 
-34®  C  to  +77®  C  temperature  range.  Electromagnetic 
Interference  (EMI)  testing  will  be  completed  on  the 
qualification  Tensor  unit.  Upon  completion  of  these  tests 
as  well  as  a  full  performance  evaluation  and  software 
validation  of  the  Tensor,  the  receiver  will  be  delivered  to 
NASA  GSFC.  GADFLY  integration  and  testing  includes 
the  timing  validation  in  the  timing  test  bed,  GEM 
interface  testing  and  GEODE  software  build 
development,  load  and  testing.  See  figure  14.  Final 
GEODE  software  validation  is  expected  to  be  performed 
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using  the  GSFC  40  channel  attitude  and  orbit  GPS 
constellation  simulator.  Spacecraft  level  integration  and 
test  activities  includes  integration  and  aliveness  testing, 
environmental  testing  and  a  self  survey.  During  the  self 
survey,  the  antenna  baselines  will  be  measured  relative  to 
an  optical  cube  on  one  of  the  antenna  ground  planes.  See 
figure  15.  These  measurements  are  similar  to  those 
performed  on  the  Spartan  GPS  Attitude  Determination 
and  Control  System  (GADACS)  experiment  [ref  2]. 


Figure  14:  GADFLY  Integration  and  Test  Plan 


Figure  15:  GADFLY  S/C  Level  I4&T  Plan 
POST  LAUNCH  TESTING 

There  are  four  primary  on-orbit  data  evaluation  activities 
that  will  be  accomplished  with  GADFLY.  These  include 
Tensor  receiver  robustness  quantification,  attitude 
performance  evaluation,  GEODE  performance  assessment 
and  GPS  timing  evaluation. 

Throughout  the  SSTI-Lewis  mission,  key  parameters  will 
be  checked  and  archived  to  quantify  the  robustness  of  the 
Tensor  receiver  and  GPS,  in  general.  A  database  is  being 
planned  to  record  and  track  key  parameters  such  as  time 
to  first  fix  after  a  cold  start,  time  to  first  fix  after  a  warm 
start,  and  GPS  data  dropouts,  for  example.  Information 
such  as  vehicle  attitude  and  orbit  position  shall  be  noted, 
stored,  and  evaluated  in  an  attempt  to  improve  the 
robustness  of  future  receiver  builds. 

The  attitude  performance  of  GADFLY  will  be  evaluated 
by  acquiring  the  SSTI-Lewis  sensor  data  from  the  star 


tracker,  earth  sensor,  and  gyro  and  comparing  these  to  the 
GPS  receiver  data.  Through  this  activity,  a  long-term 
understanding  of  the  attitude  capabilities  of  GPS  can  be 
gleaned.  Moreover,  the  effects  of  multipath  can  be  better 
studied  and  quantified  in  an  orbital  velocity  environment. 
The  Tensor  receiver,  to  be  flown  on  GADFLY  will 
include  an  option  to  use  the  double  difference  technique 
to  remove  line  bias  effects.  The  advantages  and 
disadvantages  of  this  technique  will  also  be  quantified  as 
part  of  the  testing. 

During  the  Lewis  mission,  the  spacecraft  time  distribution 
scheme  will  be  monitored.  System  performance  will  be 
compared  to  the  ground-based  test  bed  and  timing 
accuracy  will  be  quantified  using  steindard  ranging 
techniques. 

As  stated  previously,  orbit  determination  data  from  the 
Tensor  receiver  GEODE  software  will  be  compared  to 
high  accuracy  ground-based  solutions  and  S-band 
tracking  data. 

CONCLUSIONS 

The  GADFLY  experiment  on  the  SSTI-Lewis  spacecraft 
is  expected  to  be  a  pathfinder  to  demonstrate  several  GPS 
technologies  for  use  in  future  spacecraft.  This  will  be  the 
first  flight  of  a  fully  space-qualified  GPS  receiver  capable 
of  simultaneously  sensing  space  vehicle  attitude,  orbit  and 
providing  a  precise  time  reference.  The  GPS  attitude 
determination  experiment  will  provide  a  long-term  high 
accuracy  quantification  of  system  performance,  including 
the  degradation  effects  of  vehicle  multipath  and  attitude 
rates  derived  from  GPS  signal  doppler  measurements. 
The  long-term  aspects  of  this  flight  will  provide  an 
outstanding  platform  to  quantify  the  effects  of  receiver 
robustness.  Of  particular  importance  is  receiver  data 
dropouts,  radiation  degradations  (if  any),  and  single  event 
effects,  including  latchups  and  bit  upsets.  The  new 
techniques  to  be  demonstrated  on  Lewis  to  distribute  GPS 
time  over  the  spacecraft  data  bus  will  provide  much  lower 
cost,  less  weight,  and  autonomous  alternatives  to  the 
current  practice.  The  GEODE  software,  being  developed 
at  GSFC  and  embedded  in  the  Tensor  receiver  will 
provide  an  autonomous  onboard  orbit  determination 
scheme  which  is  expected  to  serve  over  95%  of  all  Earth 
orbiting  spacecraft.  Significant  system  cost,  power  and 
weight  reductions  are  expected  from  exploiting  GPS  in 
space  vehicles.  If  it  is  fully  successful,  the  GADFLY 
experiment  promises  to  help  rewrite  the  books  on  how  to 
design  future  spacecraft. 
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ABSTRACT 

The  ARGOS  (Advanced  Research  Global  Observation 
Satellite)  vehicle  carries  eight  DOD  related  experiments 
and  is  scheduled  for  launch  into  a  nominally  circular  sun 
synchronous  orbit  in  March  1997.  A  major  objective  of 
the  navigation/attitude  determination  subsystem  design 
has  been  to  reduce  cost  by  utilizing  the  GPS  sensor  in 
such  a  way  that  on-board  hardware,  software,  and  ground 
tracking  requirements  are  simplified. 

In  order  to  meet  the  attitude  determination  accuracy 
requirement,  our  primary  concern,  an  approach 
comprising  two  mechanizations  was  used.  The  first  of 
these  utilizes  GPS  information  (position  and  velocity)  to 
determine  the  transformation  matrix  between  the  J2000 
Earth  Centered  Inertial  (ECI)  frame  and  a  set  of  axes 
referred  to  as  Local  Vertical  Orbit  Plane  (LVOP).  This 
latter  set  of  axes  would  be  a  locally  level  set  of  axes  for  a 
spherical  (non-oblate)  earth.  The  second  mechanization  of 
the  ARGOS  attitude  determination  system  is  designed  to 
hold  the  spacecraft  to  an  earth  geocenter  pointing  attitude 
such  that  vehicle  BODY  axes  track  the  LVOP  axes.  This 
is  accomplished  by  using  orbital  gyrocompassing  and 
horizon  sensor  measurements  to  detect  and  control 
attitude  deviations  from  LVOP  alignment. 

Attitude  errors  result  from  imperfections  in  both  of  the 
mechanizations.  In  order  to  demonstrate  compliance  with 


accuracy  requirements,  a  comprehensive  error  analysis 
was  conducted.  For  the  transformation  matrix  component, 
a  covariance  simulation  was  developed.  This  includes 
both  the  eight  state  Kalman  filter  embedded  in  the  GPS 
receiver  and  a  high  fidelity  simulation  of  the  GPS 
constellation.  Outputs  of  this  simulation  were  used  to 
derive  the  errors  in  the  ECI  to  LVOP  transformation 
matrix.  For  the  orbital  gyrocompassing/horizon  sensor 
component,  horizon  sensor  noise  and  gyro  drift  as 
specified  by  the  vendors  were  used  to  compute  RMS 
errors  in  controlling  the  spacecraft  to  alignment  with 
LVOP  axes. 

A  backup  navigation  capability  was  implemented  based 
upon  using  GPS  outputs  to  compute  a  set  of  orbital 
elements  while  GPS  is  active  and  reliable. 

INTRODUCTION 

The  P91-1,  or  ARGOS  (Advanced  Research  Global 
Observation  Satellite),  mission  is  to  carry  eight  DOD 
experiments  into  orbit.  There  have  been  other  such 
satellites.  The  author  is  familiar  with  one  of  those, 
referred  to  as  P80-1.  The  on-board  software  supporting 
maintenance  of  the  P80-1  navigation  solution  was  very 
substantial.  Ground  tracking  would  have  been  (P80-1  was 
never  launched)  a  big  expense.  Attitude  determination 
was  driven  by  the  Teal  Ruby  Experiment  and  the 
performance  requirement  was  at  the  0.015°  (la)  level 
using  gyros  and  a  star  sensor.  Currently  the  P91-1  vehicle 
is  being  assembled  and  tested.  Navigation  and  attitude 
determination  are  supported  by  a  horizon  sensor,  gyros 
and  a  GPS  sensor  with  no  star  sensor.  The  on-board 
computer  effort  is  greatly  lessened,  as  is  ground  tracking, 
while  analysis  predicts  attitude  determination  accuracy  to 
be  approximately  0.018°  (la). 

This  paper  will  describe  how  navigation  and  attitude 
determination  are  mechanized  around  a  GPS  sensor.  The 
coordinate  system  considerations  which  must  be  dealt 
with  will  be  discussed  first  to  lay  the  groundwork.  A 
section  is  included  wherein  a  detailed  error  analysis  of  the 
GPS  based  attitude  determination  function  is  described 
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and  results  are  presented.  Another  section  describes  the 
backup  navigation  capability  that  has  been  designed  into 
the  system  wherein  a  set  of  orbital  elements  are 
maintained  by  processing  GPS  position  and  velocity,  and 
then  used  for  navigation  purposes  in  the  event  of  a  GPS 
non-availability. 

COORDINATE  SYSTEM 

Standard  GPS  outputs  of  position  and  velocity  are 
referred  to  the  WGS84  Earth  Centered  Earth  Fixed 
(ECEF)  coordinate  frame  (Reference  1)  which  rotates 
with  the  earth.  However,  all  P91-1  requirements  which 
GPS  supports  are  based  in  the  ECI  coordinate  frame. 
Therefore,  it  was  requested  that  the  GPS  supplier  modify 
the  outputs  to  be  referenced  to  the  ECI  frame.  This 
modification  amounts  to  constructing  a  coordinate 
transformation  between  the  ECEF  and  ECI  frames.  Four 
component  matrices  would  be  necessary  for  the  maximum 
accuracy  transformation.  However,  sub-maximum  but 
adequate  accuracy  might  be  obtainable  using  only  a 
subset  of  the  four  component  matrices.  The  following 
discussion  develops  some  background  information  and 
then  shows  how  the  decision  on  implementation  of  the 
ECEF  to  ECI  transformation  was  made. 

Since  the  parameters  which  are  used  to  define  an  inertial 
frame  are  actually  continually  changing,  it  has  been 
customary  to  define  an  inertial  frame  in  terms  of  the 
parameters  as  they  were  or  will  be  at  some  particular 
time.  Thus  there  was  the  M50  frame  which  was  useful  for 
many  years,  but  now  has  been  largely  supplanted  by  the 
J2000,  or  ECI,  frame.  This  is  the  new  standard  inertial 
frame  geared  to  star  positions  on  the  celestial  sphere  at  the 
start  of  the  new  Julian  century.  Question  is:  If  we  know 
the  position  of  a  vehicle  in  ECEF  coordinates  at  some 
particular  time  on  some  particular  date  in  a  year  remote 
from  the  year  2000,  what  are  the  necessary  steps  for  re¬ 
expressing  these  position  coordinates  in  the  ECI  frame? 

Recent  developments  in  Astronomy  have  led  to  a  model 
which  concisely  relates  the  ECEF  of  date  (at  the  particular 
time  on  the  particular  date  in  the  remote  year) 
components  of  a  vector  to  the  ECI  components  of  the 
same  vector.  Since  the  earth’s  orientation  with  respect  to 
ECI  varies  in  four  basic  ways,  it  is  not  surprising  that  the 
re-expressing  of  vector  components  involves  four 
matrices.  These  four  matrices  comprise  an  A  matrix 
which  accounts  for  the  phenomenon  of  polar  motion,  a  B 
matrix  which  accounts  for  the  diurnal  rotation  about  the  Z 
axis,  and  the  C  and  D  matrices  which  account  for  nutation 
and  precession,  respectively.  It  is  these  latter  two  which 
are  to  be  dealt  with  here;  the  A  matrix  involves  very  small 
unpredictable  effects  and  is  updated  on  a  near  real-time 
basis  via  measurement  data,  and  the  B  matrix  is  very 
straightforward,  requiring  nothing  more  than  accurate 
time  for  its  generation.  On  the  other  hand,  the  effects 
accounted  for  by  the  C  and  D  matrices,  while  not  large 
over  periods  of  a  few  years,  still  need  to  be  evaluated  so 
that  a  decision  can  be  made  as  to  how  often  these  matrices 


should  be  updated  in  order  to  keep  ECI  position  and 
velocity  errors  at  acceptable  levels.  These  corrections  are 
not  so  straightforward  as  the  A  and  B  matrices.  The 
necessary  algorithms  will  be  set  forth  and  discussed  in  the 
remainder  of  this  section. 

The  overall  algorithm  for  accounting  for  precession 
consists  of  nine  lower  level  algorithms  for  computing  the 
elements  of  the  3x3  D  matrix.  This  is  based  on  theory 
developed  in  the  late  nineteenth  century  by  an  astronomer 
named  Simon  Newcomb  (for  details  see  Reference  2  and 
Reference  3).  The  idea  is  based  on  the  fact  that  the 
ascending  node  of  the  sun’s  apparent  orbit  around  the 
earth  is  defined  by  the  intersection  of  the  ecliptic  and 
equatorial  planes.  Both  of  these  planes  move,  so  the 
ascending  node  (this  is  the  vernal  equinox)  moves.  What 
makes  the  ecliptic  move  is  gravitational  pull  of  the  planets 
and  this  motion  is  called  planetary  precession.  The 
equatorial  plane  moves  partly  because  of  the  gravitational 
effect  of  the  sun  and  moon  on  the  earth’s  equatorial  bulge 
(called  lunisolar  precession)  and  partly  due  to  other  short 
term  effects  (called  nutation).  Newcomb  developed  a 
scheme  for  determining  how  the  precession  effects  cause 
the  vernal  equinox  to  move  between  two  known  epochs 
(reference  times)  in  terms  of  three  Euler  rotations  (a  3-2-3 
sequence)  and  he  also  provided  a  polynomial  method  for 
calculating  the  value  of  the  rotations  if  the  two  epochs  are 
known.  The  polynomials  in  current  use  are  based  on 
models  adopted  by  the  International  Astronomical  Union 
(lAU)  circa  1980. 

We  now  state  the  transformation  matrix,  which  is  the 
product  of  the  three  Euler  rotations. 

D  (Ef,  Ed)  =  R3  (-Za)  R2  (0a)  R3  (-Ca) 

where  Ef  and  Ed  are  epochs  and  Rk(0)  is  a  matrix  modeling 
a  rotation  through  angle  0  about  the  kth  coordinate  axis. 
Multiplication  of  the  three  matrices  on  the  right  produces 
the  following: 


cosZ;^  COS0A 

-cosZy^  COS0A  sin^A 

-cosZy^  sin0^ 

“SinZy^sin^;^ 

-sinZ^^cos^;^ 

sinZ^  cos  0^  cos 

-sinZ/^  cos0y^ 

-slnZ;^sln0y^ 

+cosZ;^sin^;^ 

+cosZ;^  COS^;^ 

sin0y^cos^;^ 

COS0y^ 

The  polynomials  given  in  Reference  1  have  been  adapted 
to  the  P91-1  scenario  and  evaluated  to  determine  the 
following  numerical  values  for  the  three  Euler  rotations 
based  on  Ef  being  1  January  2000  (the  J2000  ECI  frame) 
and  Ed  being  30  September  1995,  the  original  planned 
launch  date.  The  argument  t  is  to  be  the  Julian  date  of  Ed 
minus  the  Julian  date  of  Ef  divided  by  36525  so  that  it 
works  out  to  be  how  far  past  1  January  2000  Ed  is  in  units 
of  Julian  centuries.  In  the  current  case  t  =  -0.0425. 

Thus, 
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CaW  =  2306.2181t  +  0.30188t^+  0.017998t^  arcsecond 
Ca  (-0,0425)  =  -98.01  arcsecond  (or  -0.0272°) 

ZaO)  =  2306.2 18  It  +  1.09468t^  +  0.018203t^  arcsecond 
Za  (-0,0425)  =  -98.01  arcsecond  (or  -0.0272°) 

0A(t)  =  2004.31091  +  (-0.42665)1^  -  0.041883t^  arcsecond 
0A(t)  (-0.0425)  =  -85.18  arcsecond  (or  -0.0236°) 


When  these  values  are  used  to  calculate  the  elements  of 
the  D  matrix,  the  result  is 


D  = 


0.9999994644  -0.0009494589 
0.0009494589  0.9999995493 

-0.0004118976  -0.0000001955 


0.0004118976 

0.0000001955 

0.9999999152 


The  final  component  of  the  ECEF  to  ECI  transformation 
is  the  A  matrix  which  accounts  for  the  phenomenon  of 
polar  motion.  One  way  of  looking  at  this  phenomenon  is 
to  picture  the  earth  as  having  a  very  thin  surface  layer 
which  has  limited  freedom  to  move  around.  The  result  is 
that  latitudes  and  longitudes  of  various  landmarks  are 
observed  to  change  very  slightly.  These  effects  are 
exceedingly  small  and  are  not  believed  to  impact  P91-1 
sufficiently  to  call  for  implementation  of  the  A  matrix. 
The  transformation  which  must  be  implemented  in  the 
GPS  receiver  to  convert  its  ECEF  position  components  to 
ECI  is  as  follows: 


X  position  component 
Y  position  component 
Z  position  component 


=A*B*C*D 


X  position  component 
Y  position  component 
Z  position  component 


(in  ECEF  Frame) 


(in  ECI  Frame) 


Since  the  off  diagonal  terms  are  rotations  in  units  of 
radians  about  the  X,  Y,  Z  axes,  we  can  identify  the 
following  small  angular  misalignments  between  properly 
precessed  and  unprecessed  coordinate  frames. 

-0.0403  arcsecond  about  X  (or  0.0000 1119°) 

84.95  arcsecond  about  Y  (or  0.0235°) 

1 95.84  arcsecond  about  Z  (or  0.0544°) 

These  show  the  effect  of  precession  in  4  years  and  3 
months.  Obviously,  the  D  matrix  must  be  included  in  the 
calculation  of  ECI  outputs  within  the  GPS  receiver  or  else 
the  errors  due  to  omitting  the  D  matrix  will  overwhelm 
the  attitude  error  budget  of  0.05  degrees.  It  was  decided 
that  the  D  matrix  must  be  implemented  and  a  frequency  of 
updating  the  D  matrix  of  once  per  day  was  chosen.  The 
reason  attitude  errors  are  affected  is  that  the  ECI  position 
and  velocity,  which  are  directly  affected,  are  used  to 
compute  the  transformation  matrix  which  relates  ECI  axes 
to  LVOP  axes  as  will  be  shown  in  detail  in  the  next 
section. 

The  precession  phenomenon  discussed  above  is 
concerned  with  long  term  (or  long  period)  changes  in  the 
earth’s  rotation  axis.  There  are  other  short  term  changes 
which  are  grouped  under  the  heading  of  “nutations”. 
These  are  numerous  (there  are  106)  and  have  periods 
ranging  from  18.6  years  down  to  5  days.  The  current 
accepted  model  is  the  “1980  lAU  Theory  of  Nutation” 
which  provides  a  method  for  evaluating  two  parameters, 
Ae  and  A\|/,  quantifying  the  deviation  of  the  true 
coordinate  frame  from  the  mean  (accounts  for  precession 
only)  coordinate  frame  at  a  particular  time  within  the 
range  of  validity  of  the  model.  Since  the  approximate 
amplitude  of  nutation  motions  is  9  arcseconds  or  0.0025 
degrees,  it  is  a  small  effect  and  the  decision  was  not  to 
implement  the  C  matrix  containing  the  nutation 
correction. 

Of  course,  the  B  matrix,  which  accounts  for  the  15°/hr 
earth  rate  rotation  about  the  Z  axis  must  be  implemented. 


where  the  unimplemented  A  and  C  matrices  would 
become  identity  matrices  and  be  omitted.  The 
transformation  for  the  velocity  vector  would  be  similar 
except  that  the  la  ^  E  term  due  to  earth’s  rotation  would 
have  to  be  accounted  for. 

VEHICLE  ATTITUDE 

Attitude  will  be  maintained  by  determining  at  a  1  Hz  rate, 
two  rotational  transformation  matrices  such  that 
multiplication  of  these  matrices  in  the  proper  order 
produces  the  transformation  between  ECI  axes  and 
BODY  axes.  The  two  matrices  are: 

1 .  Clvop/eci  When  a  vector  expressed  in  ECI  axes  is 

pre-multiplied  by  this  matrix  the  result 
is  the  components  of  the  same  vector 
expressed  in  LVOP  axes. 

Note:  Local  Vertical  Orbit  Plane 
(LVOP)  coordinates  are  defined  as 
having  z  toward  the  geocenter,  y 
opposite  the  angular  momentum  vector 
and  X  completing  a  right  handed 
coordinate  system  with  origin  at  the 
P91-1  center  of  mass. 

2.  Cbody/lvop  In  correspondence  with  the  above,  this 

matrix  re-expresses  the  LVOP 
components  of  a  vector  in  BODY  axes. 

The  product  of  these  two  matrices  re-expresses  ECI 
components  as  components  in  the  BODY  axis  frame. 

Cbody/eci  ==  Cbody/lvop  *  Clvop/eci 

The  LVOP  coordinate  frame  is  defined  by  three 
orthogonal  unit  vectors;  Uz  directed  toward  the  geocenter, 
Uy  perpendicular  to  the  orbit  plane  in  the  direction 
opposite  to  the  angular  momentum  vector,  and  Ux  in  such 
a  direction  as  to  complete  a  right  handed  coordinate 
system.  These  unit  vectors  will  be  constructed  from  the 
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ECI  outputs  of  GPS  position  and  velocity,  and  therefore 
will  be  expressed  in  the  ECI  frame.  Thus  if  the  dot 
product  of  any  vector  in  the  ECI  frame  with  one  of  these 
unit  vectors  is  formed,  the  result  is  the  corresponding 
component  of  the  ECI  vector  in  the  LVOP  frame.  This,  by 
definition,  is  what  the  transformation  does.  Therefore,  the 
ECI  to  LVOP  transformation  matrix  can  be  constructed  as 
a  matrix  whose  rows  are  the  transposed  unit  vectors  Ux,  Uy, 
and  Uz. 


The  computation  of  Ux,  Uy,  and  Uz  is  as  follows.  The 
symbol  <S)  denotes  the  vector  cross  product  operation  and 
I  R  I  denotes  the  magnitude  of  the  vector  R.  A  superscript 
T  indicates  the  transpose  of  a  vector  or  a  matrix. 


Given  GPS  position  and 

velocity  outputs  expressed 

in  ECI  coordinates:  R  —  position 

V  —  velocity 


Compute  the  following: 


-R 

|R| 

H  =  R<8>  V 
-H 
|H| 

Ux  =  My  ^  Uz 


Form  the  required 
transformation  matrix: 


ClVOP/ECI  = 


LVOP  axes  can  be  considered  to  be  in  nominal  alignment 
with  BODY  axes  so  that  the  transformation  between  these 
two  frames  is  modeled  in  terms  of  three  small  rotations  as 
either  a  vector  or  a  skew-symmetric  matrix.  The  form  is 
as  follows: 


CBody/LVOP  = 


1 

-V 

e 


¥ 

1 

-<1> 


-e 

<|) 

1 


where  (|),  6,  and  \|/  are  the  misalignments  in  radians  about 
the  X,  y,  and  z  BODY  axes,  respectively.  Because  all  of 
the  transformations  considered  here  are  pure  rotations  of 
orthogonal  frames  the  transpose  is  equal  to  the  inverse 
and  either  operation  reverses  the  direction  of  the 
transformation.  The  (|),  0,  and  \\f  are  produced  by  an  orbital 
gyrocompassing  mechanization.  The  concept  of  orbital 
gyrocompassing  is  discussed  in  the  following  paragraphs. 

The  “classical”  gyrocompassing  system  has  been  in  use  as 
an  attitude  reference  in  ocean-going  vessels  since  the 
development  of  the  gyroscope.  This  system  relies  on  the 
ability  of  the  gyros  to  sense  the  earth’s  angular  velocity. 


Damping  in  the  devices  causes  settling  in  a  position 
having  zero  sensed  earth  angular  velocity  -  north. 

Spacecraft  applications  of  the  gyrocompass  technique  use 
the  same  approach,  but  measure  orbit  rate  rather  than  the 
earth’s  rotation  rate.  A  prime  example  of  this  application 
is  that  of  the  Agena  spacecraft,  which  used  roll  horizon 
sensor  data  to  augment  roll  -  yaw  decoupling  logic 
driving  a  gimbaled  platform  reference  system.  Many 
spacecraft  gyrocompass  systems  have  operated  in  a 
similar  manner;  by  torquing  gimbaled  gyros  to  provide 
rate  integration.  A  slightly  different  approach,  using 
strapdown  gyros  with  the  integration  performed  in  the 
logic,  has  been  known  since  at  least  1961.  It  is  the 
strapdown  gyro  version  of  gyrocompass  control  that  was 
implemented  on  the  P80-1  spacecraft  and  is  also  used  for 
P91-1  (Reference  4). 

In  its  simplest  form,  the  P91-1  gyrocompassing  method  is 
a  means  to  obtain  yaw  control  using  horizon  sensor  and 
rate  gyro  measurements  to  generate  spacecraft  attitude 
commands.  The  theory  is  pictorially  described  in 
Figure  1 .  The  roll  gyro  normally  measures  only  roll  rate; 
however,  it  will  also  detect  a  component  of  the  orbit  rate 
if  there  is  a  yaw  angle  present.  Roll  attitude  is  nominally 
about  the  velocity  vector  (x-axis);  hence,  if  an  attitude 
rate  error  is  measured  by  the  roll  gyro  and  no  attitude  rate 
error  is  seen  in  the  roll  channel  of  the  horizon  sensor,  the 
system  assumes  the  error  to  be  in  yaw  attitude.  Part  of  the 
information  measured  by  the  roll  sensors  may  therefore  be 
used  to  control  the  yaw  attitude. 

This  simple  mechanization,  providing  very  loose  roll  and 
yaw  control,  can  be  improved  by  the  use  of  a  yaw  gyro 
and  additional  logic.  The  equations  of  angular  velocity, 
reduced  to  small  angle  approximations,  show  the 
complete  set  of  gyro  signals: 


®0  = 


(j)-cooV 

0-0)0 

¥-®o<t> 


The  first  component  will  be  recognized  as  the  roll  gyro 
measurement  discussed  above.  Roll  and  yaw  are  seen  to 
be  coupled  due  to  orbital  motion.  It  is  apparent  that  high 
quality  roll  and  yaw  information  will  result  when  the 
coupling  terms  are  removed  -  and  the  logic  has  been 
designed  to  accomplish  this.  Figure  2  presents  the 
complete  gyrocompassing  logic  as  it  is  currently  used. 

The  outputs  of  the  orbital  gyrocompassing  mechanization 
are  used  as  the  elements  of  the  BODY  to  LVOP 
transformation  matrix.  When  this  matrix  is  post- 
multiplied  by  the  previously  computed  ECI  to  LVOP 
transformation  matrix  the  total  attitude  matrix  is 
determined. 


CbODY/ECI  —  Cbody/lvop  *  Clvop/eci 
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LOGIC  MECHANIZATION 


ESTIMATE 


Figure  1.  Basic  Theory  of  Gyrocompassing 


HARDWARE  SOFTWARE 


Figure  2.  Gyrocompass  Attitude  Determination  for  P91-1 


The  next  section  will  show  how  this  attitude  matrix  is  appeal  to  intuition,  and  this  is  the  set  of  Euler  rotations 

used  to  determine  vehicle  attitude.  which  was  chosen  for  the  specification  of  P91-1  attitude. 

The  selected  set  bears  a  strong  relationship  to  the  three 
ATTITUDE  VIA  EULER  ANGLES  orbit  elements  which  determine  the  location  of  the  orbit 

plane.  It  is  strongly  emphasized  that  the  rotations 
The  attitude  of  P91-1  BODY  axes  with  respect  to  ECI  discussed  here  are  based  upon  the  BODY  axes  being  in  an 

axes  can  be  specified  by  a  set  of  three  Euler  rotations  and  arbitrary  orientation  and  subsequently  rotated  into 

the  sequence  of  axes  about  which  the  rotations  are  alignment  with  ECI  axes, 

performed.  There  are  twelve  choices  for  this  set  of 
rotations  (Reference  5).  There  is  one  set  which  seems  to 


Figure  3  illustrates  the  geometry,  showing  the  pertinent 
coordinate  frames,  the  orbit  trace,  and  the  vehicle.  Three 
angles  are  also  shown.  The  Right  Ascension  of  the 
(sometimes  called  either  the  orbit  angle  or  the  argument 
of  latitude)  is  identified  by  the  symbol  Gq.  Finally,  the 
inclination  angle  is  identified  with  the  symbol  i.  The  ECI 
There  are  two  intermediate  frames  which  are  identified  by 
single  and  double  primes  which  refer  to  the  first  and 
second  intermediate  frames,  respectively.  The  x-BODY 
axis  is  tangent  to  the  orbit  trace  pointing  in  the  direction 
of  travel,  the  z-BODY  axis  points  toward  the  origin  of  the 
ECI  frame  (the  geocenter),  and  the  y-BODY  axis  is 
perpendicular  to  the  orbit  plane  pointing  out  of  the 
starboard  side  of  the  vehicle  (opposite  to  orbital  angular 
momentum  vector). 


ascending  node  has  the  standard  symbol  Q.  The  angle 
from  the  ascending  node  around  the  orbit  to  the  vehicle 

Rl  =  9q  +  90 
R2=90-i 
R3  =  360-£2 
CRk  =cos  (Rk) 

SRk  =sin  (R^) 

By  forming  appropriate  quotients  of  elements  of  the 
above  matrix  and  evaluating  the  appropriate  inverse 
trigonometric  functions  of  these  quotients,  the  three  Euler 
rotations  are  readily  determined. 


Xbody 


Figure  3.  Euler  Angle  Geometry 

The  first  Euler  rotation  is  about  the  y-BODY  axis  and  its 
magnitude  is  equal  to  the  orbit  angle  plus  90  degrees.  This 
rotation  places  the  x-prime  axis  in  the  ECI  xy  plane  and 
the  z-prime  axis  tangent  to  the  orbit  pointing  in  the 
direction  of  vehicle  travel.  The  second  Euler  rotation  is 
about  the  x-prime  axis  with  magnitude  equal  to  90 
degrees  minus  the  inclination  angle  i.  This  leaves  the 
newz-double  prime  axis  parallel  to  the  z-ECI  axis  and  the 
y-double  prime  axis  in  the  ECI  xy  plane.  The  third  and 
final  Euler  rotation  is  about  the  z-double  prime  or  z-ECI 
axis  with  a  magnitude  equal  to  360  degrees  minus  the 
Right  Ascension  of  the  ascending  node.  This  latter 
rotation  was  chosen  particularly  so  that  all  three  Euler 
rotations  would  be  in  a  positive  sense.  The  transformation 
matrix  between  the  ECI  and  LVOP  coordinate  frames  is 
as  follows. 


CeCI/Body 


CR3CR1+SR3SR2SR1  jSR3CR2  I-CR3SR1+SR3SR2CR1 


-SR3CR1 +CR3SR2SRJ  I  CR3CR2  j  +SR3SRJ  +CR3SR2CR1 
. . CR2SR1 . r'-SR^'l . ’®2Cr7 . 


where 


ERROR  ANALYSIS 

The  attitude  determination  accuracy  requirement  for 
P91-1  is  0.05  degrees  1  sigma.  In  order  to  verify 
analytically  that  the  system  described  in  the  previous 
sections  will  meet  this  requirement,  a  comprehensive 
error  analysis  was  performed.  Each  component 
subsystem,  the  GPS  based  transformation  matrix 
determination  and  the  orbital  gyrocompassing 
mechanization,  was  considered  separately,  and  their  errors 
subsequently  combined  to  determine  the  overall  attitude 
error. 

The  GPS  portion  of  the  error  analysis  presented  a  peculiar 
problem— the  bugaboo  of  S.A.  (Selective  Availability). 
The  P91-1  GPS  function  will  not  operate  in  the  classified 
PPS  (Precise  Positioning  Service)  mode,  and  therefore 
will  be  subject  to  S.A.  Since  the  ground  rules  of  S.A.  are 
that  a  certain  level  of  accuracy  will  be  guaranteed  for 
position  information  but  that  there  is  no  guarantee  of 
accuracy  with  regard  to  velocity  information,  the  problem 
of  error  analysis  is  fiaistrated.  The  error  analysis  presented 
here  is  based  upon  GPS  operation  in  the  PPS  mode 
because  that  mode  of  operation  leads  to  a  tractable  error 
analysis.  Recently  a  model  which  may  support 
sophisticated  error  analysis  of  GPS  operation  in  the  S.A. 
mode  has  been  obtained.  However,  this  came  too  late  for 
results  to  be  included  in  this  current  presentation. 

For  the  GPS  portion  of  the  error  analysis,  a  covariance 
analysis  of  the  8-state  Kalman  filter  contained  in  the  GPS 
receiver  was  utilized  to  determine  the  covariance  history 
of  position  and  velocity  errors  for  an  entire  orbit.  These 
covariances  were  then  applied  to  the  context  of  the 
algorithm  for  computing  the  ECI  to  LVOP  transformation 
matrix  previously  described  to  determine  the  resulting  tilt 
(level)  and  heading  errors.  These  errors  are  shown  in 
Figure  4.  The  covariance  simulation  included  a  high 
fidelity  simulation  of  the  current  GPS  constellation  and 
filter  undermodelling  effects  (i.e.  the  effects  of  error 
sources  present  in  the  system  but  not  included  in  the  8 
filter  states  were  accounted  for.) 
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HEADING  ERROR  ABOUT  Z  TILT  ABOUT  Y-DEG  TILT  ABOUT  X-DEG 


0.  1000.  2000.  3000.  4000.  5000.  6000. 

TIME  -  SECONDS 

Figure  4.  Tilt  and  Heading  Errors  Due  to  GPS  Errors  (la) 
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Errors  in  the  determination  of  misalignment  of  BODY 
axes  from  LVOP  axes  (i.e.  orbital  gyrocompassing  errors) 
were  evaluated  in  terms  of  spectral  information  and  the 
gyrocompassing  mechanization  transfer  function.  The 
error  sources  are  horizon  sensor  white  noise  in  both  roll 
and  pitch,  and  gyro  bias  and  random  walk  for  the  roll, 
pitch,  and  yaw  gyros.  Their  resulting  rms  values  are  listed 
under  “gyrocompassing  contribution”  in  Table  I.  They  are 
rms  values  which  are  independent  of  time.  These  errors 
and  the  GPS  based  LVOP  tilt  and  heading  errors  are 
deemed  to  be  independent,  so  the  total  attitude  error  can 
be  evaluated  by  simple  rss  methods.  However,  the  tilt  and 
heading  errors  are  square  roots  of  covariances  which  vary 
with  time.  In  order  to  have  a  representative  overall  value, 
each  tilt  plot  and  the  heading  error  plot  were  reviewed  and 
an  estimated  representative  value  was  determined.  Since 
these  plots  were  generated  using  parameters  of  the  high 
accuracy  PPS  mode,  a  multiplying  factor  of  10  was 
applied  to  account  for  the  lower  S.A.  accuracy  level.  The 
resulting  representative  values  (including  the  factor  of  10) 
are  listed  in  Table  I  under  “GPS  contribution.”  Table  I 
also  contains  a  third  column  where  gyrocompassing  and 
GPS  contributions  are  combined  (rss)  for  each  axis,  and  a 
final  entry  combining  (rss)  the  total  error  about  the  three 
axes  to  give  a  total  overall  attitude  error.  The  value, 
0.018°,.  shows  that  attitude  determination  accuracy  is 
within  spec. 

Table  I.  Attitude  Determination  Error 

Total 

Gyro-  Attitude 

GPS  compassing  rss  of  Determin- 

Contribution*  Contribution  Contributions  ation  Error 

Roll 

(about  x) 

Pitch 
(about  y) 

Yaw 
(about  z) 

*  Contains  adjustment  for  S.A.  -  see  text. 

BACKUP  NAVIGATION  MODE 

The  GPS  receiver  (in  actual  fact  there  are  two  -  a  primary 
and  a  secondary  receiver)  on-board  P91-1  is  a  tremendous 
asset.  Very  significant  performance  enhancements  and 
lowered  ground  support  requirements  are  obtained. 
However,  there  is  a  downside.  There  is  always  the 
possibility  that  GPS  supplied  information  will  cease  being 
available.  This  could  happen  because  of  a  malfunction  of 
the  receiver  itself,  because  of  radiation  induced  problems, 
because  of  antenna  blockage,  or  for  other  as  yet  unknown 
reasons.  It  was  realized  early-on  that  prudence  required 
that  some  sort  of  a  backup  navigation  capability  be 
implemented.  The  original  purpose  was  to  provide  the 
necessary  information  to  get  the  secondary  receiver  up, 
initialized  and  running  in  the  event  of  failure  of  the 
primary  receiver.  But  there  are  other  reasons  for  having  a 
backup  navigation  capability.  The  GPS  receiver  has  the 
capability  to  maintain  a  navigation  solution  by  integrating 
gravity  which  will  carry  the  P91-1  vehicle  through  short 


periods  of  mild  radiation  exposure  causing  loss  of  signals. 
However,  in  a  protracted  period  of  loss  of  GPS  two 
functions  must  be  maintained  or  the  satellite  will  die. 
These  are  keeping  the  solar  arrays  pointed  well  enough  to 
charge  the  batteries  and  maintaining  sufficient  knowledge 
of  the  earth’s  magnetic  field  to  support  momentum 
dumping  which  is  required  if  the  attitude  control  system  is 
to  continue  functioning.  Backup  navigation  supports  these 
two  functions  very  well. 

The  scheme  for  backup  navigation  is  based  upon  using 
GPS  position  and  velocity  to  periodically  (once  per  hour 
so  as  to  avoid  senescence)  compute  and  store  a  set  of  orbit 
elements.  Then  when  there  is  a  time  of  GPS  non¬ 
availability  the  orbit  elements  can  be  used  to  provide 
temporary  degraded  navigation  data.  Such  a  source  of 
information  could  be  used  to  initialize  the  secondary  GPS 
receiver  if  position  and  velocity  were  transformed  to  the 
ECEF  coordinate  frame. 

The  implementation  of  the  orbit  element  computation  is 
very  straightforward  (Reference  6)  and  requires  no 
elaboration  here.  The  other  aspect,  that  of  using  the  orbit 
elements  to  compute  vehicle  position  and  velocity,  was 
implemented  using  a  scheme  found  in  many  GPS 
receivers  (Reference  3).  It  will  not  be  discussed  in  any 
detail  here,  but  the  performance  seems  to  be  more  than 
adequate.  The  precession  of  the  ascending  node  is 
modeled  so  that  earth’s  oblateness  is  accounted  for.  This 
mechanization  was  run  for  over  three  orbits  along  with  a 
high  fidelity  orbit  propagator  -  both  starting  from  the 
same  initial  condition.  The  maximum  difference  between 
the  respective  position  outputs  occurred  in  the  y  position 
component  and  had  a  value  of  approximately  0.10  meters. 
For  velocity,  the  maximum  difference  occurred  in  the  z 
component  and  had  a  value  of  10-4  meters  per  second. 
These  two  plots  are  shown  in  Figure  5.  The  growing 
oscillation  nature  of  the  error  is  believed  to  be  due  to 
numerical  precision.  The  high  fidelity  propagator  was  a 
FORTRAN  based  program,  while  the  flight  software 
simulation  was  compiled  from  C  code.  The  accuracy  of 
the  backup  navigation  information  appears  to  be  very 
good. 
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Figure  5.  Maximum  Position  and  Velocity  Errors  of  Backup  Navigation  Mode 
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CONCLUSIONS 


It  has  been  shown  that  a  GPS  sensor  in  combination  with 
orbital  gyrocompassing  can  be  an  effective  means  of 
attitude  determination  for  an  earth  pointing  satellite  in  a 
circular  orbit.  The  quality  of  attitude  knowledge  produced 
is  comparable  to  that  produced  by  a  system  utilizing  a  star 
sensor.  Ground  tracking  cost  is  greatly  reduced,  as  in  on¬ 
board  navigation  software  cost.  However,  a  simple 
backup  navigation  capability  is  retained  which  shows 
quite  good  performance. 
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ABSTRACT 

SFU  (  Space  Flyer  Unit )  satellite  has  been  launched  by  H- 
II  booster  on  the  18th  March  1995.  This  satellite  will 
rendezvous  dock  on  a  space  shuttle  and  return  to  earth  after 
cruising  circular  orbit  during  about  nine  or  ten  months.  In 
the  point  of  navigation ,  it  is  one  of  characteristic  to  carried 
GPS  receiver  which  we  has  been  developed  several  years 
ago. 

This  paper  describe  the  outline  of  onboard  GPS  receiver 
configuration  and  functions,  and  the  first  experimental 
results  of  it’s  behavior  and  performance.  This  GPS  receiver 
is  having  function  of  two  modes.  The  one  is  geometric 
position  determination  using  four  Navstars  signal  directly, 
which  does  not  consider  the  dynamics  of  the  satellite.  The 
other  is  orbit  estimation  with  using  onboard  Extended 
Kalman  filter  algorithm. 


1.  OUTLINE  OF  SFU  GPS 

Block  diagram  of  SFU  with  onboard  GPS  Receiver  (GPSR) 
and  antennas  (GPSA-1,  GPSA-2)  is  shown  in  figure- 1. 
GPSR  is  five  channels  parallel  receiver  and  single  fi^equency 
(LI-C/A  code)  receiver.  Resources  of  GPSR  are  as  below 
mass:  about  11  (kg) 

Dimensions:  about  200x300x180  (mm) 

Power  consumption:  about  34  (watt) 

GPSR  is  connected  to  two  antennas  installed  the  body.  And 
FOV  of  each  antenna  is  about  160  degrees  as  shown  figure- 

2.  The  signals  from  two  antennas  are  down  converted  into 
intermediate  frequency  at  RF  ( Radio  Frequency )  section 
and  distributed  to  five  channels  of  synchronization  of  spread 
spectrum  signals  and  acquisition,  tracking,  measurement  of 
pseudo  range/pseudo  range-rate  and  demodulating  GPS 


Figure-1  SFU  GPS  block  diagram 
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Figure-2  GPSA  FOV 


messages  are  performed. 

Three  microcomputers  are  installed  in  GPSR  to  form  a 
multiprocessor  sharing  the  function.  There  are  Positioning 
controller,  Receiver  controller,  and  Navigation  filter 
computer. 

Positioning  controller  is  main  computer  system  of  GPSR. 
This  controller  perform  two  main  tasks  which  are  the 
acquisition/tracking  control  and  the  point  positioning 
navigation. 

(1)  Acquisition/tracking  control :  Positioning  controller 
chooses  five  GPS  satellites  (  Navstars )  and  select  antenna 
which  set  up  the  body  for  each  channel  And  it  predicts 
Doppler  frequency  of  each  channel  by  processing  the  signal 
of  GPS  satellites  while  utilizing  the  orbit  elements  and 
attitude  data  simultaneously.  The  update  results  is  controlled 
this  system. 

(2)  Point  positioning  navigation  :  Point  positioning 
navigation  is  simply  geometric  navigation  using  four  GPS 
satellites  ranging  data.  The  results  of  point  positioning 
navigation  includes  SFU  orbital  elements  and  clock  bias/ 
drift  of  GPSR  system  clock  (TCXO).  Then  Positioning 
Controller  uses  them  for  acquisition  and  tracking  control 
and  achieve  the  short  time  acquisition  by  the  precise 
prediction  of  Doppler  frequency. 

Receiver  controller  controls  each  channel  hardware 
following  the  commands  from  Positioning  controller.  And 
then  Receiver  controller  readout  GPS  messages  and  ranging 
data  which  is  measured  each  channel.  Positioning  controller 
and  Navigation  filter  computer  use  the  GPS  messages  and 
ranging  data  for  each  navigation  process. 

Navigation  filter  computer  estimates  orbit  elements  of  SFU 
with  Extended  Kalman  filter  (EKF).  The  EKF  has  SFU 
dynamics  model  and  GPSR  clock  model.  And  it  performs 
time  update  and  observation  update  using  a  observation 


model. 

Positioning  controller  and  Navigation  filter  computer 
operates  independently.  Namely,  GPSR  always  keeps  two 
navigation  results  which  are  point  positioning  data  and  the 
estimation  data.  But  GPSR  telemetry  has  the  area  for  only 
one  navigation  result.  Therefore  GPSR  has  two  telemetry 
modes  (point  positioning  mode  and  filter  mode).  The 
telemetry  mode  is  changed  by  up-link  commands. 

2.  ACQUISITION  AND  TRACKING  ON  ORBIT 

When  GPSR  acquire  GPS  satellite  signals  during  cruising 
the  orbit,  the  range  of  Doppler  frequency  signals  is  about 
100  kHz.  It  is  about  ten  times  as  wide  as  one  on  the  ground 
receiver.  If  GPSR  does  not  predict  the  precise  Doppler 
frequency,  it  is  impossible  to  acquire  the  signal  from  the 
GPS  satellite.  In  such  this  case,  it  is  guessed  that  the 
frequency  prediction  error  which  causes  from  clock  bias/ 
drift  of  GPSR  is  occurred.  There  are  orbit  elements  errors 
of  SFU  and  the  GPS  satellites  too  as  other  source. 

We  classify  the  accuracy  of  frequency  prediction  into  two 
levels.  The  first  level  is  start  up  condition  in  which  the  clock 
bias/drift  errors  of  GPSR  are  unknown  and  SFU  orbit 
elements  errors  are  coarse.  The  second  level  is  tracking 
condition  in  which  the  clock  bias/drift  errors  of  GPSR  and 
SFU  orbital  elements  error  are  reduced.  Then  the  precise 
orbit  can  be  determined.  Namely,  navigation  status  is 
successful. 

It  is  explained  the  method  of  GPSR  receiving  process  in 
Start-up  mode  and  Tracking  mode  in  this  section. 

2-1  START-UP  MODE  PROCESS 
After  GPSR  is  turned  on,  GPSR  does  not  have  sufficient 
data  for  start-up.  At  GPSR  start-up  operation,  GPSR  receives 
up-link  commands  containing  data  for  start-up  (almanac  data 
elements  for  the  GPS  Satellites  and  parameters  for 
transformation  of  time/coordinate  systems). 

Almanac  data  elements  in  the  commands  give  the  orbit 
elements  in  WGS84  coordinate  system  of  the  first  acquisition 
GPS  satellites.  And  parameters  for  transformation  of  time/ 
coordinate  systems  in  the  commands  make  the  coordinate 
systems  transformation  between  WGS84  and  EME50. 
EME50  is  the  inertial  coordinate  system  which  is  NGCS  ( 
Navigation  and  Guidance  Control  Subsystem  )  interface 
coordinate  system  and  is  used  to  describe  SFU  dynamics. 
At  first,  GPSR  calculates  the  visibility  and  Doppler 
Frequency  of  two  GPS  satellites  using  almanac,  coarse  SFU 
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orbital  elements  and  its  attitude  elements. 

The  coarse  SFU  orbit  and  attitude  elements  are  given  by 
NGCC  (Navigation  and  Guidance  Control  Computer)  which 
is  the  main  computer  of  NGCS.  The  attitude  data  is  used  to 
derive  the  view  of  each  GPSA. 

And  then  GPSR  tries  the  first  acquisition  using  all  ( five ) 
channels.  At  the  start-up  mode,  the  Doppler  frequency 
prediction  is  inaccurate  data  in  usually.  We  estimate  the  error 
is  lOkHz  at  maximum.  Then  using  five  channels,  GPSR 
has  five  times  wide  pull  in  range.  The  range  is  enough  to 
acquire  the  signal  under  the  start-up  condition.  After  first 
acquisition,  GPSR  measure  the  real  Doppler  frequency  and 
compensate  the  Doppler  frequency  prediction.  Then  GPSR 
can  acquire  the  second  GPS  satellite  signal  using  less  than 
five  channels  (tracking  channels  can  not  use  for  signal 
acquisition). 

Tracking  the  signals  of  the  first  two  GPS  satellites,  GPSR 
takes  the  almanac  elements  of  other  GPS  satellites.  And 
GPSR  predict  the  third  and  the  fourth  GPS  satellite  data 
Four  GPS  satellites  signals  can  be  received  sequentially.  I 
At  start-up  mode.  Navigation  filter  computer  is  driven  by 
using  initial  state  vector  of  EKF  which  is  provided  the  coarse 
orbital  elements  from  NGCC  with  onboard. 

2-2  TRACKING  MODE  PROCESS 
When  receiving  four  GPS  satellites  signals,  GPSR  start 
point  positioning  task.  Then  GPSR  shift  to  tracking  mode. 

At  tracking  mode,  the  prediction  data  is  accurate  because 
GPSR  uses  navigation  results  (orbit  elements,  clock  bias/ 
drift  of  GPSR)  in  order  to  predict  the  Doppler  frequency. 
GPSR  can  acquire  the  GPS  satellite  signals  easily.  So,  GPSR 
tries  to  keep  GDOP  lower  controlling  the  five  channels. 

At  tracking  mode.  Navigation  filter  computer  can  be  driven 
by  using  EKF  which  given  initial  states  from  the  point 
positioning  result . 


TIME  (UTC) 

Figure-3  START-UP  and  TRACKING  Results 
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Figure-4  GPS  satellites  selection  results 


3.  NAVIGATION  RESULTS 

GPSR  was  operated  during  the  initial  operation  phase  of 
SFU,  in  which  the  main  functions  of  SFU  (  communication, 
attitude  control,  power  management,  etc. )  was  checked  out 
and  SFU  was  transferred  into  nominal  circular  orbit  ( 
Altitude  :  about  500  km  ).  Finishing  the  initial  operation 


2-3  RESULT  OF  ACQUISITION  AND  TRACKING 
The  result  of  acquition  and  tracking  is  shown  in  figure  3 
and  figure-4.  GPSR  shifted  to  start-up  mode  at  16:40  (UTC) 
on  19th,  March,  1995.  About  eight  minutes  later,  GPSR 
shifted  to  tracking  mode  and  started  to  control  GDOP.  Then 
we  confirmed  that  GDOP  was  almost  kept  less  than  four 
after  17:00  (UTC).  When  GDOP  exceed  four  in  some  points, 
one  channel  lock  loss  occurred  and  GPSR  calculated  using 
the  combination  of  remained  four  channels,  in  which  the 
GDOP  was  greater  than  four.  We  confirmed  that  GPSR 
acquisition  and  tracking  operation  was  under  good  condition. 


phase,  SFU  operation  was  shifted  to  the  mission  phase  and 
GPSR  was  turned  off  at  the  same  time  because  of  preserving 
electric  power  and  controlling  thermal  condition. 

At  the  initial  operation  phase,  we  checked  the  function  of 
GPSR  mainly.  But  we  did  not  evaluate  the  navigation 
performance  enough,  because  the  amount  of  GPSR 
telemetries  was  controlled  lower  to  keep  main  mission  data 
of  SFU  and  the  Earth-based  orbit  determination  ( OD )  data 
were  not  sufficient  for  the  evaluation  yet. 

Therefore  we  describe  the  rough  evaluation  results  (  First 
experiment  result )  in  this  paper.  They  are  the  comparison 
between  the  orbit  elements  of  GPSR  navigation  and  the 
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Earth-based  orbit  determination  results  by  using  radiometric 
data.  But  the  Earth-based  orbit  determination  did  not  use 
enough  radiometric  data.  So,  the  comparison  results  include 
the  unknown  error  of  Earth-based  OD.  And  the  comparison 
results  has  unknown  bias.  We  confirm  only  the  dispersion 
of  navigation  results. 

The  quantitative  analysis  of  GPS  navigation  performance 
will  start  from  this  September  after  finished  the  mission 
phase  of  SFU. 

3-1  POINT  POSITIONING  RESULTS 

The  results  of  point  positioning  navigation  of  GPSR  are 
shown  in  figure-5.  Figure-5  plots  point  position  navigation 
errors  against  the  Earth-based  OD  and  GDOP  as  a  function 
of  time.  In  figure-5,  the  relations  between  the  navigation 
error  and  GDOP  are  clear,  and  GPSR  almost  kept .  GDOP 
less  than  four. 

The  variance  of  the  position  error  is  less  than  about  200 
meters  and  the  bias  error  is  about  400  meters.  The  tracking 
direction  errors  account  for  the  majority  part  of  the  bias  errors 
and  the  radial  direction  enors  and  outer  plane  direction  errors 
scarcely  include  bias  components.  Therefore,  it  is  estimated 
that  the  bias  error  mainly  occurred  from  the  propagation 
error  of  the  Earth-based  OD  or  time  estimation  enor  of  point 
positioning. 

Point  positioning  navigation  has  no  countermeasure  for 
Selective  Availability  (SA).  We  consider  the  navigation 
results  of  point  positioning  which  include  the  effect  of  SA 
are  reasonable. 


Figure-5  Comparison  between  Point  Positioning 
and  Earth-  based  OD 


3-2  EXTENDED  KALMAN  FILTER  ESTIMATION 
RESULTS 

The  results  of  EKF  with  onboard  navigation  of  GPSR  are 
shown  in  figure-6.  Figure-6  plots  point  position  navigation 
enors  against  the  Earth-based  OD  and  accuracy  index  as  a 
function  of  time.  Accuracy  index  indicates  the  mode  of  EKF 
algorithm.  When  the  accuracy  index  is  less  than  two,  the 
EKF  estimates  the  orbit  elements  under  the  no  limitation 
condition  (no  overflow,  no  over  thresholds).  Therefore,  EKF 
calculate  estimation  parameter  in  the  stable  condition. 
Checking  the  telemetries  of  GPSR,  we  confirmed  the  EKF 
software  operate  normally  on  orbit. 

In  figure-6,  accuracy  index  became  less  than  two  after  4:50 
(UTC).  Before  4:50,  accuracy  index  almost  greater  than  two, 
and  the  estimation  error  was  discontinuous  at  4:40.  At  4:40, 
the  self-reset  of  the  EKF  was  occurred  which  was  caused 
by  limitation  over  of  covariance  in  the  EKF.  After  the  self¬ 
reset,  the  EKF  took  in  the  point  positioning  result  for  initial 

states  and  restarted  the  estimation. 

The  covariance  of  the  position  error  is  less  than  about  200 
meters.  It  is  the  same  level  as  point  positioning  error.  But 
the  errors  were  varied  smoothly  as  a  function  of  time. 

In  figure-6,  it  is  difficult  to  consider  about  the  bias  error, 
because  the  amount  of  the  estimation  data  is  poor.  The  period 
of  SFU  orbit  is  about  one  hour  and  half,  then  we  need  more 
than  three  hours  data  in  which  accuracy  index  is  less  than 
two.  But  we  have  not  gotten  enough  data. 


Figure-6  Comparison  between  EKF  navigation 
and  Earth-based  OD 
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CONCLUDING  AND  REMARKS 
In  this  paper  we  describe  consists  of  GPSR  with  onboard 
microcomputer  and  the  first  experimental  results  in  orbit. 
Navigation  results  by  using  point  position  mode  or  the  filter 
mode  which  approach  Extended  Kalman  Filter  are 
reasonable  at  first  experimental  situation.  In  terms  of  the 
accuracy,  it  is  evaluated  by  comparison  with  Earth-based 
orbit  solution  based  on  radiometric  data.  These  results  are 
relativity  because  each  other  result  with  covariance  include 
several  disturbances  (  measurement  noise,  system  noise, 
geometrical  observation  condition,  and  so  on).  We  plan  the 
detail  experiment  for  autonomous  navigation  with  onboard 
GPSR  in  this  month.  The  outline  of  experiment  is  shown  as 
following. 

(1)  The  Extended  Kalman  Filter  parameter  set  up 
optimization. 

(2)  Navigation,  guidance  and  control:  This  experiment 
carried  out  to  connect  NGC  system.  After  small 
orbitmaneuver  execution,  the  filter  is  provided  a 
measurement  value  from  NGC  which  utilized  the 
accelerometer  and  estimate  a  posteriori  orbit  elements  and 
maneuver  parameter. 

(3)  Differential  GPS  experiment:  We  experiment  on 
between  ground  GPS  receiver  and  onboard  GPS  receiver. 
There  is  reason  to  expect  that  the  effect  of  SA  and  the 
troposphere  is  evaluated. 

We  would  like  to  update  the  evaluation  and  analysis  to 
onboad  GPS  at  the  result  of  experiment  in  this  month.  This 
research  contribute  to  the  autonomous  navigation  in  future 
satellite. 
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ABSTRACT 

The  GPS  Navigation  Unit  experiment  on  the  PoSAT-1 
microsatellite  has  been  operating  successfully  since  the 
satellite's  launch  in  September  1993.  The  primary  aims 
of  the  experiment  are  to  develop  a  low-cost  and  precise 
means  of  tracking  a  satellite  as  an  alternative  to  the  use 
of  published  NORAD  orbital  elements.  PoSAT-1  is  the 
first  microsatellite  to  make  use  of  a  GPS  receiver  and 
the  first  satellite  of  any  kind  to  generate  autonomously 
its  own  orbital  elements  using  GPS. 

Orbital  elements  are  required  both  on  the  ground  and 
in  space.  Ground-stations  require  elements  for  mission 
operations  planning.  The  spacecraft’s  attitude 
determination  and  control  system  (ADCS)  also  requires 
knowledge  of  position.  The  performance  of 
magnetometer  and  star-sensor-based  ADCS  is  greatly 
enhanced  when  on-board  position  estimates  are 
improved  to  the  level  of  1  km  accuracy  or  better.  In  all 


cases,  this  can  be  obtained  most  simply  by  having  an 
autonomous  orbit  determination  capability  on-board 
the  satellite  itself.  The  payloads  that  satellites  carry, 
from  communications  to  space  science,  have  widely 
varying  position  accuracy  requirements,  but  elements 
generated  from  GPS  data  are  able  to  meet  most  of 
these  needs  directly. 

There  are  many  cases  when  a  small  satellite  cannot 
spare  the  power  to  operate  a  GPS  receiver 
continuously.  Fortunately,  to  maintain  a  reasonable 
estimate  of  the  orbit,  this  is  actually  not  necessary.  The 
experiment  on  PoSAT-1  demonstrates  the  ability  of  a 
small  satellite  to  determine  its  own  orbit  autonomously 
through  an  intermittently-operated  GPS  receiver. 

This  paper  discusses  the  system  design  of  an 
autonomous  Navigation  Unit  suitable  for  ^  a  small 
satellite  based  on  a  GPS  receiver.  The  performance  of 
the  Trimble  TANS  GPS  receiver  on  board  PoSAT-1  is 
discussed,  and  also  the  on-board  control  of  the  receiver 
and  the  processing  of  the  GPS  data.  The  accuracy  of 
the  raw  GPS  data  is  evaluated,  along  with  the  accuracy 
of  the  final  determined  orbit.  Comparisons  are  made  to 
NORAD  elements,  and  to  alternative  tracking  methods. 
Finally  an  experimental  demonstration  of  autonomous 
operation  through  the  implementation  of  the  GPS 
Navigation  Unit  is  described. 

INTRODUCTION 

Satellites  have  found  many  applications  in  science, 
communications  and  remote  sensing.  The  traditional 
large  satellite  is  now  being  challenged  by  a  smaller 
variety,  which  is  sometimes  Just  as  capable,  but  quicker 
and  cheaper  to  develop.  Such  small  satellites  can  make 
use  of  the  latest  terrestrial  technologies  and  advances  in 
microprocessors  to  give  more  flexibility  and  enhance 
capabilities. 

One  of  the  major  costs  associated  with  the  space 
industry  is  the  operation  and  control  of  satellites.  The 
cost  of  some  ground  stations  may  be  as  much  as  $1000 
per  satellite  pass  for  tracking  and  telemetry  ftmctions.* 
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Therefore  there  is  a  desire  to  give  satellites  as  much 
autonomy  as  possible,  with  reduced  requirements  on 
the  ground  station.  This  would  also  benefit  future 
planned  communications  constellations  that  are  likely 
to  suffer  from  complexity  of  operations  due  to  the 
number  of  satellites  under  control  from  one  ground 
station. 

The  use  of  GPS  on  a  satellite  to  provide  autonomous 
navigation  (or  self-tracking)  was  foreseen  in  the  1970s 
but  it  is  only  recently  that  the  GPS  constellation  has 
been  completed  and  the  receiver  technology  has 
become  suitable  for  such  a  practical  application.^  On¬ 
board  GPS  offers  many  advantages  over  ground-based 
ranging  and  other  tracking  techniques.  The  small  size 
and  low  cost  of  the  hardware,  the  global  coverage  and 
the  high  performance  of  the  tracking  and  the 
operational  convenience  make  GPS  an  ideal  self¬ 
tracking  sub-system  for  small  satellites.  GPS  offers  the 
potential  for  orbit  determination,  time  transfer  and 
experimental  scheduling  by  position,  and  ultimately  the 
potential  for  attitude  determination  and  control,  and 
even  autonomous  orbit  maintenance. 

Autonomous  tracking  systems  do  not  have  to  be 
implemented  on-board  the  satellite,  and  the  automated 
ground-based  processing  of  downloaded  logged  GPS 
data  may  be  suitable,  and  potentially  provides  far  more 
accuracy."*  However,  commercial  missions  usually 
have  a  limited  down-link  bandwidth,  and  an  on-board 
method  of  reducing  the  tracking  information  may  be 
vital.  ^ 

AUTONOMY  IN  THE  UOSAT  MISSIONS 

The  University  of  Surrey  in  the  UK  has  pioneered  the 
construction  and  use  of  microsatellites.  A  commercial 
company,  Surrey  Satellite  Technology  Ltd,  has  grown 
to  develop  and  market  these  satellites  and  to  date, 
eleven  satellites  have  been  launched,  recently  at  a  rate 
of  two  per  year.  The  satellites  may  carry 
communications  or  remote  sensing  payloads  or  may  be 
part  of  a  technology  transfer  programme.  The  UoSAT 
microsatellites  are  a  good  example  of  the  smaller, 
faster,  cheaper  ethos  and  they  also  demonstrate  relative 
autonomy  of  the  satellite. 

As  the  programs  typically  take  only  12  months  from 
contract  to  launch,  new  technologies  can  be  flown 
promptly.  The  short  time  scales,  amongst  other  factors, 
lead  to  a  lower  cost:  a  satellite  may  cost  only  $3m 
including  launch.  While  the  satellites  are  typically  only 
50  kg,  they  carry  plenty  of  advanced  technologies, 
such  as  GaAs  solar  cells,  CCD  cameras  and  star 
sensors.  The  layering  of  new  technologies  over  tried 
and  tested  architecture  improves  the  reliability,  while 
not  compromising  the  research.  FASat-Alfa,  the  latest 


microsatellite,  carries  20  microprocessors  giving  great 
flexibility  and  processing  power. 

The  ground  station  requirements  for  a  UoSAT 
microsatellite  are  minimal,  being  based  on  three  PCs,  a 
transceiver,  a  modem  and  a  steerable  mast  antenna.  At 
the  ground  station  in  Surrey,  there  are  two  antenna 
channels.  Six  satellites  are  actively  under  control, 
while  another  three  satellites  are  being  monitored. 
Most  of  the  operations  are  autonomous,  with  ADCS 
(attitude  determination  control  system)  software, 
power  load  optimisation  software  and  other 
housekeeping  tasks  continually  active  on  the  main 
OBC  (On-board  computer).  Most  information  on  the 
satellite  is  handled  in  terms  of  files,  and  these  are 
stored  in  the  satellite  RAM-Disk.  The  store  and 
forward  communications  messages,  the  experimental 
data  and  the  telemetry  log-files  are  all  downloaded 
automatically  through  a  no-data-loss  packet  protocol. 
Within  the  ground  station,  this  data  is  unpacked, 
processed  and  archived  without  the  need  for  any 
supervision.  If  a  problem  should  occur,  for  example  a 
telemetry  value  out  of  range,  then  a  pager  will  alert  the 
duty  officer. 

As  part  of  an  Air  Force  contract,  JPL  developed  a  scale 
of  0-1 1  to  describe  the  level  of  autonomy  of  a  satellite. 
Many  satellites  cannot  store  software  and  timed 
command  sequences,  and  so  are  classified  as  Level  1 
or  2.  The  latest  UoSAT  spacecraft  fall  into  the  category 
of  Level  4,  even  though  this  does  not  take  into  account 
the  ground  station  autonomy. 

At  present,  there  are  still  some  operations  that  need 
user  input.  Every  day  or  so,  the  clocks  on  all  of  the 
satellite  OBCs  are  synchronised  from  the  ground  using 
the  station’s  GPS  receiver.  Every  week,  new  orbital 
elements  originating  from  NORAD  are  uploaded  to  the 
satellites  to  broadcast  to  all  users  and  to  maintain  the 
ADCS  magnetometer  IGRF  model  accuracy.  About 
once  every  ten  days,  new  sched-files  which  schedule 
commands  and  events  according  to  time  must  be 
uploaded  to  specify  the  telemetry  logging  regime. 
Sched-files  are  also  used  to  operate  payloads  and 
experiments. 

This  level  of  operational  autonomy  has  been  developed 
over  a  number  years,  and  has  helped  to  reduce  the 
work-load  of  the  ground-station  operator.  The  satellite 
OBC  operating  system  and  software  has  been 
developed  to  give  a  high  level  of  integrity:  the  OBC 
ran  on  UoSAT-3  for  over  three  years  before  needing  a 
software  re-load.  If  the  OBC  program  does  crash  then 
the  spacecraft  is  in  little  danger.  The  hardware 
telemetry  and  telecommand  system  continues  to 
operate,  and  the  operating  system  and  OBC  software 
can  usually  be  re- loaded  from  the  ground  within  a 
couple  of  satellite  passes. 
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GPS  offers  the  means  to  increase  the  autonomy  by 
eliminating  the  two  remaining  regular  interactions  with 
the  ground:  setting  the  OBC  clocks  and  providing 
mean  orbital  elements.  The  use  of  GPS  may  further 
assist  in  the  scheduling  of  payloads  through  triggering 
by  position. 

The  GPS  experiment  on  PoSAT-1  has  been  used  to 
prove  some  of  these  capabilities,  and  future  UoSAT- 
class  microsatellites  will  also  carry  GPS  receivers, 
moving  the  sub-system  from  experimental  to 
operational  status. 

THE  GPS  NAVIGATION  UNIT 

A  GPS  receiver  on  a  satellite  has  special  requirements, 
not  only  in  terms  of  internal  algorithms,  but  also  the 
external  operation  and  control.  A  small  satellite  has 
demanding  power  constraints,  and  so  the  GPS  receiver 
should  be  operated  intermittently.  Mean  orbital 
elements  must  be  generated  from  the  GPS  data,  and  the 
position  propagated  as  required  during  the  time  that  the 
receiver  is  off.  If  the  clocks  are  to  be  synchronised  to 
GPS  time,  then  the  regularity  must  be  established  and 
controllable.  If  on-board  autonomy  is  to  be  achieved, 
then  the  capability  for  scheduling  these  events  and 
facilities  must  be  included. 

To  provide  a  structured  framework  for  the 
implementation  of  these  facilities,  the  concept  of  the 
GPS  Navigation  Unit  was  defined.^  This  is  a  satellite 
sub-system  based  on  a  low-cost  commercial  GPS 
receiver  (modified  for  orbital  operation)  supported  by  a 
computer  system  for  receiver  control  and  processing  of 
the  data.  The  fundamental  purpose  of  the  Navigation 
Unit  is  to  provide  a  set  of  services  to  the  satellite.  A 
number  of  example  small  satellite  missions  were 
considered  that  could  make  use  of  such  a  sub-system. 
These  missions  included  store  and  forward  messaging 
satellites,  real-time  communication  satellites,  and  low 
and  high  resolution  remote  sensing  satellites.  The 
requirements  from  these  missions  were  compiled  into  a 
list  of  services  as  follows: 

•  Position,  velocity,  time. 

•  GPS  Measurement  data  logging. 

•  Clock  Synchronisation. 

•  Mean  Orbital  Element  Generation. 

•  Data  Logging. 

•  Payload  Triggering  by  position. 

•  Status  Monitoring. 

The  characteristics  of  each  of  these  services  were 
analysed  in  terms  of  accuracy,  operational  mode  and 
format  options.  A  system  design  was  then  developed 
that  took  into  account  the  practicalities  of  the  operation 


of  a  GPS  receiver  and  the  environment  of  a  typical 
small  satellite. 


Figure  1 :  Data  Flow  Diagram  Level  1  for  the  GPS  Navigation 
Unit 


The  method  for  the  system  design  was  largely  based  on 
the  commonly  used  structured  design  and  analysis 
technique.’  This  method  orients  the  development  in 
the  information  domain  and  models  data  flow  through 
a  series  of  processes.  Figure  1  shows  the  Data  Flow 
Diagram  for  the  GPS  Navigation  Unit.  The  rounded 
boxes  represent  processes,  and  the  solid  lines  are  data 
items. 

The  processes  can  fairly  directly  be  translated  into 
software  modules,  and  the  real-time  nature  of  the 
problem  dictates  that  modules  will  be  either  interrupt 
driven  or  parallel  tasks,  depending  on  the  specific 
implementation  environment.  The  main  module  of  the 
GPS  Navigation  Unit  is  P3,  which  is  responsible  for 
interpreting  commands  and  scheduling  events.  The 
events  include  the  periodic  operation  of  the  GPS 
receiver  through  telecommand,  the  periodic  generation 
of  mean  orbital  elements  and  the  issuing  of  payload 
trigger  commands.  Subordinate  modules  are 
commanded  by  P3  to  fulfil  these  functions,  and  these 
command  lines  are  represented  by  the  dotted  lines 
labelled  Cx. 

The  data  items  are  expanded  in  a  requirements 
dictionary  to  specify  exactly  what  information  is 
required  in  which  module.  Further  partitioning  of  the 
modules  is  necessary,  and,  and  each  of  the  processes  is 
broken  down  into  lower  level  Data  Flow  Diagrams.  To 
translate  this  into  practical  software,  development  in 
terms  of  State  Transition  Diagrams  and  flow  charts  was 
necessary.  The  interfaces  of  the  GPS  Navigation  Unit 
were  defined  to  provide  the  services  to  the  satellite  and 
also  to  program  the  Unit. 
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POSAT-1  GPS  RECEIVER  PERFORMANCE 

The  GPS  experiment  on  PoSAT-1  provides  an 
opportunity  for  implementation  of  the  GPS  Navigation 
Unit  concept  as  well  as  more  general  research  into  the 
use  of  GPS  in  orbit.®  PoSAT-1  was  launched  in 
September  1993  on  the  Ariane  V59  flight  into  an 
800  km  circular  orbit  with  an  inclination  of  98°. 

The  GPS  receiver  is  a  6  channel  C/A  code  Trimble 
TANS  Sensor,  and  it  is  operated  through  software 
running  on  the  Transputer  Data  Processing  Unit.  The 
receiver  is  a  version  of  a  commercial  model  with 
orbital  firmware,  and  is  made  from  industrial-rated 
parts.  The  transputer  T800  is  a  32-bit  RISC 
architecture  microprocessor  that  operates  at  20  MHz 
and  contains  a  built  in  floating  point  unit.  The  GPS 
antenna  is  a  Trimble-supplied  active  Teflon  patch 
which  is  mounted  on  the  +Z-facet  of  the  satellite. 
There  are  a  number  of  protrusions  on  the  satellite  that 
will  tend  to  block  the  GPS  signals,  including  the  boom 
and  the  horizon  sensors,  but  static  ground-based  tests 
indicated  that  GPS  position  fixes  could  be  made  for 
99%  of  the  time. 

The  performance  of  the  GPS  receiver  was 
characterised  in  terms  of  number  of  GPS  satellites 
tracked,  percentage  time  of  position  fixes  and  Time  To 
First  Fix  (TTFF).  These  figures  depend  on  a  large 
number  of  factors,  including  GPS  receiver  hardware, 
firmware,  initialisation,  antenna  visibility  and  satellite 
orbit.  However,  they  give  a  good  indication  of  the 
operation  of  the  GPS  receiver  and  can  be  compared 
with  ground-based  tests. 


Table  1 :  Tracking  performance  for  typical  run 


4  or  more  GPS  satellites 

86%  of  the  time 

5  or  more  GPS  satellites 

54% 

6  dr  more  GPS  satellites 

13% 

Table  1  summarises  the  orbital  tracking  performance 
from  a  continuous  3  hour  GPS  operation.  Ground  tests 
on  a  model  of  the  PoSAT-1  +Z-facet  gave  figures  of 
97.990/0  for  4  or  more  satellites.  However,  in  ground- 
based  mode,  the  receiver  is  able  to  track  8  satellites 
through  multiplexing  of  some  of  the  6  channels, 
whereas  in  space,  only  6  satellites  are  tracked. 
Therefore  a  degradation  is  expected. 


In  some  operations,  it  has  been  noted  that  the  position 
fix  performance  does  fall  below  70%,  especially  if  the 
position  initialisation  is  not  optimal.  The  gaps  that 
occur  between  position  fixes  rarely  seem  to  be  longer 
than  30  seconds,  and  so  the  data  is  well  spread  over  the 
orbit.  For  most  medium  accuracy  applications,  even  a 
fix  rate  of  only  once  every  30  seconds  would  be 
adequate.  It  therefore  appears  that  there  is  plenty  of 
margin  in  the  antenna  visibility  pattern,  and  future 
similar  missions  should  have  a  good  margin  for  useful 
operation. 

The  Time  to  First  Fix  is  a  common  measure  of  a  GPS 
receiver  initialisation  performance,  and  is  of  particular 
interest  for  orbital  applications,  where  the  initialisation 
is  complicated  by  the  user  velocity.  The  TANS  is 
initialised  by  supplying  time  and  GPS  Almanac  and  a 
set  of  orbital  elements  that  enable  the  prediction  of  the 
position  by  the  receiver.  The  propagator  in  the  receiver 
tends  to  drift  with  time,  and  so  the  elements  had  to  be 
supplied  with  an  up-to-date  epoch  to  the  GPS  receiver. 
This  means  that  the  GPS  receiver  cannot  sustain 
operation  for  more  than  a  few  days  without  re¬ 
initialisation,  however,  it  is  understood  that  the  latest 
firmware  for  the  orbital  TANS  now  automatically 
updates  the  internal  osculating  elements  for 
initialisation  from  its  position  fixes. 

Once  the  mechanism  for  initialisation  had  been 
established  in  the  controlling  software,  the  TTFF 
performance  has  been  consistent  and  fast.  In  Figure  2, 
some  example  TTFFs  are  shown  as  the  GPS  Almanac 
ages.  Operations  with  even  older  Almanacs,  in  one 
case  five  months  old,  indicates  that  the  TTFF  is  not 
very  sensitive  with  Almanac  age.  However,  the  old 
Almanac  would  be  likely  to  become  unreliable  if  the 
GPS  satellites  perform  orbital  manoeuvres  as  might  be 
expected  every  six  months  or  so. 


il  New  Almanac 
■  2  weeks  old 
□4  weeks  old 


The  position  fix  performance  has  been  monitored 
separately  over  a  period  of  many  operations,  and  gives 
the  results  shown  in  Table  2. 


Figure  2:  Time  to  First  Fix 
POSITION  FIX  ACCURACY 


Table  2:  Position  Fix  Performance 


3-D  Positioh  Fix  (LEG) 

84%  of  the  time 

3-D  Position  Fix  (Bench) 

99% 

The  Trimble  TANS  receiver  is  able  to  produce  both 
position  fixes  and  the  raw  measurement  data,  but  for 
on-board  medium  accuracy  applications,  the  position 


582 


fixes  are  the  most  straight-forward  data  to  use.  No 
phase  data  is  available  from  the  single  antenna  version 
of  the  receiver. 

The  position  and  velocity  fixes  were  analysed  through 
conversion  to  orbital  elements.  The  Selective 
Availability  characteristic  wandering  was  visible,  as 
was  the  lower  level  noise  floor  of  the  measurements 
themselves.  However,  a  more  serious  source  of  error 
was  that  from  time  to  time,  a  single  data  point  was  to 
be  observed  to  be  several  kilometres  different  from  the 
rest  of  the  data.  These  outlying  points  appear  to  be 
caused  by  bad  measurement  time-tag  handling  when 
satellites  are  changed  over,  and  typically  there  is  a  0.2 
second  timing  error.  When  a  3-sigma  outlier  removal 
algorithm  was  tried  out  an  orbit  of  the  data,  about  1% 
of  data  was  removed.  Another  anomaly  that  has  been 
observed  only  on  a  couple  of  occasions  is  a  gross  error 
of  perhaps  100s  of  kilometres  which  may  continue  for 
a  number  of  readings  before  the  satellite  selection  is 
changed.  An  obvious  symptom  for  this  is  when  the 
clock  drift  term  jumps  to  another  value  quite  different 
from  its  normal  bias  rate.  Further  investigation  is 
required  to  find  the  cause  of  this  error. 

Apart  from  these  receiver-specific  anomalies  the  GPS 
data  does  appear  to  be  as  accurate  as  theory  states  that 
it  should  be.  To  verify  the  accuracy,  a  request  was 
made  with  a  UK-based  satellite  tracking  facility  to 
track  PoSAT  while  the  GPS  experiment  was  operating. 
Figure  3  illustrates  some  of  the  radar  data  points  made 
available  for  analysis. 


Figure  3:  Radar  Tracking  of  PoSAT-1 


The  GPS  solutions  were  propagated  to  the  radar  points, 
and  GPS/radar  residuals  derived  and  rotated  into  an 
axis  aligned  with  the  radar  range.  This  is  because  the 
accuracy  of  the  radar  measurements  is  considerably 


better  in  the  range  axis  than  in  its  other  axes,  and  it  is 
only  the  range  that  has  comparable  accuracy  to  stand¬ 
alone  GPS  measurements.  For  the  purpose  of  these 
comparisons,  the  outlying  GPS  points  were  removed 
from  the  data. 


Figure  4  shows  the  results  from  one  pass  expressed  in 
range,  satellite-velocity  and  cross-track  components 
(1  a  RMS).  It  can  be  seen  that  the  range  residual  is  by 
far  the  smallest,  and  typically  varies  from  20-70 
metres.  The  other  axes  show  increasing  errors  at  the 
beginning  and  the  end  of  the  pass,  characteristic  of 
radar  angular  uncertainties.  The  range  measurement  of 
the  radar  is  almost  certainly  more  accurate  than  the 
GPS  measurement,  so  this  residual  then  is  a  measure  of 
the  GPS  positioning  accuracy. 
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Figure  4:  Radar  and  GPS  residuals 

Three  passes  of  concurrent  GPS  and  radar  data  were 
used  for  the  tracking  cross-comparison.  Converting  the 
resultant  residuals  to  3-D  2  a  RMS  gives  150  metres 
from  the  three  passes  of  data  used.  This  compares  with 
174  metres  expected  with  the  ground-based  use  of 
GPS. 


This  is  not  a  rigorous  proof  of  the  accuracy  of  GPS  in 
orbit,  as  only  about  1/2  hour  of  data  has  been 
considered.  To  obtain  stable  statistics  with  GPS, 
several  hours  or  even  days  of  data  are  required. 
Secondly  an  assumption  has  been  made  that  GPS  has 
the  same  characteristics  in  the  two  axes  other  than 
radar  range.  This  is  not  strictly  true,  but  is  unlikely  to 
be  far  wrong  as  the  radar  range  axis  rotates 
significantly  with  respect  to  WGS-84  during  the  course 
of  a  satellite  pass. 

Even  so,  the  comparison  has  been  useful  to  verify  that 
a  low-cost  commercial  GPS  receiver  is  capable  of 
tracking  a  satellite  to  the  level  of  100  metres. 

DEVELOPMENT  OF  ORBIT  DETERMINATION 
ROUTINE 


The  system  study  for  the  GPS  Navigation  Unit 
revealed  that  for  most  small  satellite  applications,  the 
high  accuracy  of  GPS  is  not  necessary  on-board,  and 
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an  accuracy  of  1-5  kilometres  is  more  than  adequate  to 
support  operations,  communications  and  experiments. 
What  is  required  from  the  Navigation  Unit  is  the  ability 
to  propagate  the  orbit  to  give  a  medium  accuracy  while 
the  GPS  receiver  is  off.  Another  requirement  is  the 
generation  of  orbital  elements  for  the  ground  based 
user,  preferably  compatible  with  the  NORAD  elements 
that  have  been  used  until  now. 

The  method  that  was  adopted  for  implementation  made 
use  of  the  SGP4  analytical  propagator  (the 
recommended  propagator  when  using  NORAD 
elements).’  The  individual  position  and  velocity  fixes 
from  the  GPS  receiver  are  converted  to  osculating 
elements,  and  transformed  into  mean  elements  through 
the  use  of  the  SGP4  propagator.  Successive  element 
sets  can  then  be  combined  over  time  through  a  least- 
squares  fit  to  obtain  a  single  mean  orbital  element  set. 

The  accuracy  of  the  NORAD  element  sets  for  PoSAT 
were  characterised  so  that  valid  comparisons  could  be 
made  between  the  two  sources  of  elements.  It  was 
found  that  the  self-consistency  from  one  set  to  a  set  a 
week  later  was  about  2  kilometres  for  PoSAT’ s  orbit. 
Naturally,  lower  altitude  orbits  gave  worse  agreements. 


Figure  5  Eccentricity  Comparison 


Typical  experimental  operations  have  seen  the  GPS 
receiver  being  operated  for  one  orbit  at  a  time,  and  it  is 
from  this  period  of  data  that  the  element  sets  have  been 
generated.  The  current  implementation  of  the 
algorithm  does  not  filter  the  outlying  points  from  the 
data  to  reduce  the  complexity  in  the  autonomous 
system  but  still  achieves  reasonable  accuracy.  Figure  5 
shows  the  GPS-derived  values  of  eccentricity  as 
compared  to  the  NORAD  values.  The  agreement  is 
generally  within  5%,  although  it  appears  that  the  GPS- 
derived  results  are  more  noisy  than  the  NORAD 
values. 

A  similar  reasonably  close  agreement  was  found  with 
all  the  elements.  The  GPS-derived  elements  were  then 
used  to  predict  the  position  at  epoch  with  SGP4,  and 
this  was  compared  with  the  prediction  based  on 
NORAD  elements.  Figure  6,  and  the  combined  RMS 
residual  over  a  number  of  weeks  was  1 .5  km. 


Figure  6  GPS  /  NORAD  Element  Set  Residuals  at 
Epoch 

The  only  element  where  the  agreement  was  not  entirely 
satisfactory  was  the  mean  motion.  This  element 
determines  the  long  term  stability  of  the  orbit 
prediction,  and  so  a  greater  precision  is  required  than 
with  the  other  elements.  The  problem  lies  in  the  short 
sample  period  of  one  orbit.  The  SGP4  propagator  does 
not  account  for  the  Earth’s  sectoral  harmonics  (slight 
variation  in  the  shape  of  the  Earth  with  longitude),  and 
also  GPS  is  less  accurate  in  the  radial  axis  (159  metres 
2a).  Longer  periods  of  data  would  help  average  out 
these  effects  but  the  autonomous  operation  of  the  GPS 
receiver  may  be  limited  to  one  orbit  by  power  and 
operational  constraints. 

The  solution  to  this  problem  was  to  use  the  previous 
set  of  elements  which  would  be  already  stored  by  the 
GPS  Navigation  Unit.  This  prior  element  set  can  be 
used  to  lever  the  data  collected  and  determine  a  far 
more  accurate  mean  motion  through  a  least-squares 
technique.  Figure  7  shows  the  determination  of  the 
mean  motion  with  and  without  the  prior  weighting 
compared  to  the  NORAD  values. 
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Figure  7  Mean  Motion  Comparison 

The  results  are  good:  the  comparison  between  the  GPS 
and  the  NORAD  mean  motions  gives  a  mean  semi¬ 
major  axis  agreement  of  5.3  metres  RMS.  The 
discrepancy  in  the  position  prediction  after  2  weeks  is 
less  than  10  kilometres. 
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Currently  the  drag  term  is  not  being  determined  in  the 
on-board  algorithm  as  it  is  found  to  have  a  small  effect: 
at  PoSAT’s  altitude,  the  resultant  secular  drag  causes 
less  than  one  second  delay  every  two  weeks.  If  the  drag 
is  set  to  an  average  value,  and  new  elements  are 
generated  every  week,  then  the  resultant  drag  error  is 
too  small  to  be  noticed.  However,  when  the  Navigation 
Unit  is  implemented  in  a  lower  orbit  on  a  future 
satellite,  or  even  if  the  atmospheric  density  increases  at 
PoSAT’s  altitude  as  a  result  of  solar  activity,  then  the 
drag  will  have  a  more  significant  effect.  Therefore,  a 
drag  modelling  capability  will  be  added  in  the  near 
future. 

IMPLEMENTATION  OF  NAVIGATION  UNIT 

As  a  proof  of  concept,  the  GPS  Navigation  Unit  was 
implemented  on  the  Transputer  Data  Processing  Unit 
on-board  PoSAT-1.  The  code  was  written  mostly  in 
parallel  modules  in  the  Occam  programming  language 
with  some  imported  ‘C’  functions.  The  use  of  parallel 
modules  in  Occam  permits  the  simple  implementation 
of  multitasking  on  one  or  more  processors  without  the 
need  for  a  full-fledged  multitasking  operating  system. 

The  orbit  determination  and  propagation  routine  was 
implemented  as  described  in  the  previous  section.  The 
accuracy  of  the  determination  algorithm  has  been 
characterised  for  operation  on  PoSAT-1  in  a  flexible 
manner,  either  to  be  operated  once  a  day,  or  once  a 
week.  The  numerical  algorithms  are  stable,  and  a 
simulation  operated  successfully  on  five  months  of  real 
GPS  data.  If  the  Unit  tries  to  use  bad  prior  elements, 
they  are  rejected,  and  the  orbit  determination  algorithm 
is  reset  to  use  only  hew  GPS  data.  The  elements  are 
generated  together  with  a  report  on  the  fit  quality. 

A  real-time  analysis  was  performed  during  the  imple¬ 
mentation  to  ensure  that  the  transputer  could  handle  the 
processing  load.  The  most  computationally  intensive 
process  is  the  iterative  conversion  from  position  to 
mean  elements,  which  is  performed  for  every  data 
point,  i.e.  every  second.  Through  modifying  bench  test 
results  to  account  for  hardware  differences,  it  was 
estimated  that  this  process  only  takes  40  or  80 
milliseconds  on  the  transputer  hardware,  depending  on 
whether  the  EDAC  circuitry  is  present  or  not. 
Therefore,  there  is  a  considerable  processing  margin, 
and  in  fact  the  same  code  could  just  about  be  supported 
by  a  transputer  with  no  floating  point  unit. 

While  not  all  of  the  functions  defined  for  the  GPS 
Navigation  Unit  have  been  fully  implemented  at  this 
stage,  the  concept  has  been  largely  proven  in  orbit. 
Specifically,  the  following  services  have  now  been 
demonstrated  on  PoSAT-1  from  the  GPS  experiment: 


•  Position:  The  position  can  be  requested  at  any  time 
together  with  velocity  and  time. 

•  Time:  A  clock  synchronisation  message  can  be 
generated  by  the  GPS  clock,  or  the  Transputer 
clock  when  the  GPS  receiver  is  off.  The  message 
can  be  used  in  conjunction  with  the  GPS  Pulse  per 
second. 

•  Orbital  Elements  can  be  generated  automatically 
to  get  an  prediction  accuracy  of  1-10  km  for  two 
weeks. 

•  Orbital  GPS  Data  can  be  logged  at  specified 
repetitive  intervals  and  durations. 

•  Status  Request:  At  any  time. 

•  Autonomous  mode:  The  Navigation  Unit  sends  a 
GPS  power  cycling  command,  initialises  the  GPS 
receiver,  sends  a  GPS-derived  synchronising 
message  to  the  satellite,  generates  and  broadcasts 
orbital  elements,  and  shuts  down  the  GPS  receiver 
again  on  a  specified  periodic  basis. 

In  fact  only  a  demonstration,  rather  than  full  autonomy 
of  the  Navigation  Unit  can  be  achieved  on  PoSAT  due 
to  two  limitations.  The  memory  used  by  the  transputer 
is  not  protected  against  SEUs,  so  the  program  would 
only  be  expected  to  run  for  one  or  two  months  before 
needing  a  re-load.  Secondly,  the  OBC  program 
memory  limit  has  been  reached,  and  so  there  are 
restrictions  on  the  number  of  payloads  in  concurrent 
operation.  Both  of  these  issues  are  addressed  in  the 
latest  design  for  the  FASat-Alfa  mission. 

In  the  autonomous  operation  mode,  the  average  power 
consumption  of  the  GPS  receiver  is  low.  For  medium 
accuracy  purposes,  the  GPS  receiver  would  be 
operated  once  a  day  for  an  orbit  duration,  giving  a 
daily  clock  synchronisation  and  orbital  element 
generation.  The  resultant  mean  power  consumption  of 
the  GPS  receiver  is  less  than  0.15  watts,  which  is  an 
appropriately  low  level  for  a  microsatellite.  Using  the 
receiver  only  once  a  week  would  lower  the  average 
power  to  0.02  watts.  In  the  case  of  the  PoSAT- 1 
experiment,  this  figure  is  offset  by  the  power 
consumption  of  the  transputer  supporting  the  GPS  and 
Star  Imaging  experiments.  This  consumes  a  steady 
0.75  watts,  although  through  the  software  control  of 
the  clock  speed,  it  can  be  reduced  to  half  of  that  figure. 

There  are  new  technology  microprocessors  emerging 
of  an  equal  or  better  performance  with  a  lower  power 
consumption  than  the  T800  transputer.  Some  are  based 
on  a  static  architecture,  and  so  the  clock  can  be  stopped 
until  an  interrupt  from  a  timer  or  a  communications 
peripheral  starts  the  clock  again.  Alternatively,  the 
GPS  Navigation  Unit  software,  as  specified,  could  be 
implemented  in  the  GPS  receiver  itself,  so  eliminating 
the  power  consumption  of  the  separate  computer 
altogether. 
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CONTINUING  THE  USE  OF  GPS  IN  ORBIT 

The  FASat-Alfa  microsatellite  mission  is  the  first 
Chilean  satellite  (Figure  8),  and  has  been  constructed 
under  a  Technology  Transfer  Programme  between  the 
Chilean  Air  Force  and  Surrey  Satellite  Technology 
Ltd.  FASat-Alfa  uses  the  50  kg  modular  UoSAT  bus, 
similar  to  PoSAT-1,  but  carries  new  technology  and 
experiments.  As  well  as  the  GPS  experiment,  FASat 
carries  and  Ozone  layer  monitoring  experiment,  a  100 
metre  resolution  imaging  system,  and  a  DSP  data 
transfer  experiment. 


Figure  8  The  FASat-Alfa  microsatellite  In  launch 
configuration 


FASat-Alfa  was  launched  on  a  Ukrainian  Tsiklon 
launcher  on  31st  August  1995.  FASat-Alfa  was  carried 
as  a  passenger  satellite  attached  to  the  primary 
Ukrainian  SICH-1  remote  sensing  satellite. 
Unfortunately  at  the  time  of  writing  the  two  satellites 
had  failed  to  separate,  so  although  SICH-1  is 
functioning,  it  has  not  yet  been  possible  to  command 
and  commission  FASat-Alfa. 

The  GPS  experiment  on  FASat  is  very  similar  to  the 
system  on  PoSAT,  with  a  few  minor  improvements. 
The  transputer  memory  has  been  increased  to  2 
Mbytes,  and  is  now  EDAC  protected.  The  OBC  has 
been  enhanced,  an  i386-based  second  OBC  has  been 
added  to  the  satellite  platform,  and  a  new  high  speed 
data-bus  has  been  introduced,  so  the  GPS  experiment  is 


better  supported.  Pulse  per  second  signals  now  go  from 
the  GPS  receiver  to  four  of  the  microprocessors  on¬ 
board  for  the  purposes  of  accurate  clock 
synchronisation. 

Should  it  prove  not  possible  to  activate  FASat-Alfa, 
there  is  a  strong  possibility  that  a  replacement 
microsatellite  with  the  latest  system  design  and 
carrying  the  same  GPS  experiment  will  be  built  within 
the  next  12  months.  The  GPS  Navigation  Unit  will 
therefore  continue  to  be  developed  to  gain  full 
autonomy,  new  orbit  determination  methods  will  be 
implemented,  and  payloads  triggered  autonomously  by 
position. 

In  the  third  quarter  of  1996,  the  UoSAT- 12 
minisatellite  is  scheduled  for  launch.  This  is  a  new 
design  of  satellite  which  is  larger  than  the  UoSAT 
microsatellite  bus  (300  kg  instead  of  50  kg).  It  will 
carry  advanced  imaging  systems  and  a  small  bi¬ 
propellant  propulsion  system  to  experiment  with 
orbital  manoeuvring.  The  current  plan  is  to  include  on 
UoSAT- 12  a  GPS  receiver  which  is  capable  of 
determining  attitude  through  phase  difference 
measurements  between  GPS  antennas.  Together  with 
the  propulsion  system,  this  offers  the  opportunity  for 
autonomous  attitude  and  orbit  control. 

SUMMARY 

The  commercially-rated  Trimble  TANS  GPS  receiver 
on  PoSAT- 1  is  still  functioning  nominally  after  nearly 
2  years  in  orbit.  The  GPS  receiver  can  be  initialised 
typically  within  2  minutes,  but  the  receiver  must  be  re¬ 
initialised  occasionally  if  being  operated  continuously. 
Position  fixes  will  on  average  be  available  for  80%  of 
the  time,  although  in  sometimes  falling  to  60%.  There 
are  outliers  in  the  data,  and  occasional  gross  errors,  but 
for  most  of  the  time  the  position  fixes  are  accurate  to 
the  expected  levels  of  about  100  metres,  as  verified  by 
external  radar  tracking. 

A  system  design  for  a  GPS  Navigation  Unit  has  been 
described  that  is  suitable  for  various  small  satellite 
applications.  The  Navigation  Unit  is  capable  of 
operating  autonomously  and  provides  a  number  of 
services  to  the  satellite.  This  concept  has  been  proven 
in  orbit:  PoSAT- 1  has  become  the  first  satellite  to 
autonomously  generate  mean  orbital  elements  in  orbit. 
The  orbit  determination  method  used  only  requires  the 
GPS  receiver  to  consume  an  average  power  of  0.15 
watts  or  less,  and  yet  can  determine  the  mean  semi¬ 
major  axis  to  5  metres. 

The  full  potential  of  GPS  for  small  satellites  has  not  yet 
been  reached:  GPS  can  be  used  on  the  satellite  to 
simplify  or  eliminate  day-to-day  operational  sched¬ 
uling,  and  eventually  to  perform  autonomous  attitude 
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and  orbit  maintenance  for  a  satellite,  enhancing  the 
platform’s  capabilities  significantly  while  maintaining 
the  low  cost  of  the  satellite  and  the  operations. 
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ABSTRACT: 

This  paper  presents  the  most  significant  objectives, 
results  and  conclusions  of  the  ''Study  on  Orbit  Deter¬ 
mination  for  Satellites  at  HEO",  This  study  was  pro¬ 
moted  by  the  European  Space  Research  and  Technol¬ 
ogy  Centre  (ESTEC)  and  was  developed  by  GMV  S.A. 
One  of  its  major  objectives  is  the  investigation  of  dif¬ 
ferent  real-time  orbit  determination  techniques  for  ap¬ 
plication  on-board  satellites  operating  in  highly  ellipti¬ 
cal  orbits  (HEO). 


The  study  addresses  those  technical  areas  of  particular 
concern  towards  the  applicability  of  GPS  to  the  orbit 
determination  of  satellites  at  HEO.  Among  others,  we 
must  mention  techniques  for  attenuating  the  disturbing 
effect  of  the  ionosphere  and  of  selective  availability, 
the  problem  of  the  link  budget  at  high  altitudes,  inves¬ 
tigations  of  GPS  antenna(s)  configuration  optimality, 
the  need  for  an  on-board  propagation  model,  tech¬ 
niques  for  attenuating  the  disturbing  effect  of  orbit  con¬ 
trol  manoeuvres  and  the  importance  of  the  GPS-re- 
ceiver  clock  stability. 

Four  HEO  scenarios  were  considered  during  the  study 
(M-HE0(8),  Molniya,  Tundra  and  ISO-type  orbit).  For 
each  scenario,  computer  simulations  were  performed  to 
ascertain  the  achievable  orbit  determination  accuracy. 
The  results  show  that  for  typical  HEO  telecommunica¬ 
tion  missions  (on  M-HEO  or  Molniya  orbits)  a  single 
GPS  antenna  connected  to  a  low-cost  GPS  receiver  and 
implementing  a  relatively  simple  Kalman  filter  with  a 
low-cost  orbit  dynamics  model,  is  able  to  provide  an 
orbit  positioning  accuracy  in  the  order  of  100  m.  Such 
orbit  determination  accuracy  is  sufficient  for  many 
HEO  applications.  Some  HEO  scientific  missions  in 
ISO-type  of  orbit,  however,  require  higher  accuracies. 
Our  study  demonstrates  that  for  such  missions  the 
maximum  achievable  accuracy  implementing  state-of- 
the-art  GPS  technology  lies  in  the  order  of  10  m.  For 
HEO  missions  in  Tundra  orbit  the  achievable  orbit  de¬ 
termination  accuracy  lies  in  an  approximate  rage  of  50- 
100  m  depending  on  the  quality  of  GPS  technology 
implemented.  Extrapolations  to  GEO  from  the  Tundra 
case  becomes  also  possible  from  the  results  of  the 
study. 

1.  PROBLEM  DEFINITION:  ANALYSIS  OF 
HEO  MISSIONS 

The  entry  point  of  the  study  is  the  definition  of  four 
representative  HEO  scenarios  on  which  various  orbit 
determination  algorithms  will  be  tested.  For  each  sce¬ 
nario,  an  analysis  of  orbit  disturbances  is  performed 
followed  by  an  analysis  of  on-board/on-ground  orbit 
determination  models  (GPS,  conventional  tracking, 
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etc.)  and  identification  of  suitable  orbit  determination 
techniques. 

1.1.  Identification  of  mission  scenarios 

A  very  wide  range  of  HEO  orbits  with  very  different 
characteristics  exist.  Only  a  few  could  be  studied  in  de¬ 
tail  within  the  scope  of  the  study.  Accordingly,  the  first 
part  of  the  study  briefly  surveyed  past,  present  and  fu¬ 
ture  HEO’s  and  selected  four  representative  orbits  from 
which  four  mission  scenarios  were  defined  and  used  as 
test  cases  to  assess  the  orbit  determination  techniques. 
The  selected  mission  scenarios  are  the  following  (table 
1  illustrates  the  orbital  elements  of  the  four  selected 
HEO  mission  scenarios): 

•  Scenario  1:  telecommunication  mission  at  multi- 
regional  HEO  8-hour  orbit  with  low  perigee 
(hereinafter  referred  to  as  M-HEO(8)). 

•  Scenario  2:  navigation  mission  at  Tundra-24  hour 
orbit.  Such  an  orbit  is  very  similar  to  a  GEO  orbit 
and  therefore  this  study  can  be  used  to  confirm 
the  results  of  similar  orbit  determination  studies 
for  GEO  (see,  e.g.  ref.  [2]). 

•  Scenario  3:  scientific  mission  at  HEO  with  high 
accuracy  positioning  requirements.  A  geosyn¬ 
chronous  24-hour  orbit  has  been  selected  for  this 
scenario.  This  orbit  is  characterised  by  a  perigee 


of  1,000  Km  and  an  apogee  of  70,572  Km.  This 
will  be  referred  to  as  ISO-type  orbit  in  the  re¬ 
mainder  of  the  document. 

•  Scenario  4:  telecommunication  mission  at  Molni- 
ya-type  orbit. 

1.2.  Orbit  Determination  requirements  for  HEO 
missions 

The  orbit  determination  requirements  depend  on  the 
selected  orbit  scenario  and  on  the  type  of  mission.  Sci¬ 
entific  HEO  missions  often  require  a  very  accurate 
spacecraft  positioning.  The  selected  orbit  determination 
requirement  for  the  scientific  mission  scenario  (ISO- 
type  orbit)  would  correspond  to  a  very  stringent  VLBI 
mission.  The  following  values  have  been  selected:  1  m 
accuracy  in  position  and  1  cm/s  accuracy  in  velocity  (1 
a).  For  a  navigation  mission,  the  position  of  each 
spacecraft  of  the  constellation  must  be  known  with  a 
high  precision.  In  our  study,  the  Tundra  type  orbit  is 
assumed  to  be  used  for  very  high  precision  navigation 
purposes.  A  position  error  of  30  m  (la)  is  selected  as 
orbit  determination  requirement.  Communication  mis¬ 
sions  are  not  very  demanding  on  orbit  determination 
requirements.  Therefore  a  position  error  of  1  Km  (la) 
is  considered  for  the  communications  MHEO  8  hour 
and  Molniya  orbit  scenarios. 


M-HEO(8) 

Tundra 

ISO-type 

Molniya 

Orbital  period 

8  hour 

24  hour 

24  hour 

12  hour 

Semi-major  axis 

20,278  Km 

42,164  Km 

42,164  Km 

26,578  Km 

Eccentricity 

0.636 

0.266 

0.825 

0.722 

Perigee  height 

1,000  Km 

24,000  Km 

1,000  Km 

1,000  Km 

Apogee  height 

26,800  Km 

47,000  Km 

70,572  Km 

39,400  Km 

Inclination 

63.435  deg 

63.435  deg 

5.25  deg 

63.435  deg 

Table  1:  Selected  HEO  mission  scenarios 


2.  GPS-BASED  ORBIT  DETERMINATION 
2.1.  General 

The  approach  followed  in  our  analyses  is  to  find  the 
minimal  hardware  configuration  which  allows  on-board 
GPS-based  orbit  determination  at  the  prescribed  accu¬ 
racy  for  each  of  the  selected  HEO  mission  scenarios. 
For  the  cases  of  M-HEO(8)  and  Molniya,  the  low  de¬ 
manding  orbit  determination  accuracy  allows  to  design 
an  on-board  GPS-based  orbit  determination  system 
based  on  the  use  of  a  low-cost  C/A  code  GPS  receiver. 
The  more  demanding  orbit  determination  (OD)  accu¬ 
racy  requirements  for  the  Tundra  and  ISO-type  scenar¬ 
ios  implies  a  need  for  state-of-the-art  dual-frequency 
GPS  receiver  and  maybe  the  support  of  differential 
GPS.  In  all  the  cases,  being  an  on-board  application,  it 
is  particularly  important  to  minimise  the  hardware  de¬ 
mands  on-board  the  spacecraft.  This  means  that  the 
resulting  algorithms  should  be  simple  enough  to  fit 


within  the  GPS  receiver  processor  and,  therefore,  the 
on-board  dynamics  model  shall  be  simple  enough. 

C/A-code  GPS  receivers  (M-HEO(8)  and  Molniya  sce¬ 
narios)  are  assumed  to  provide  pseudo-range,  inte¬ 
grated  Doppler  (continuous  carrier  phase)  and  carrier 
phase  only  at  the  LI  frequency.  State-of-the-art  dual- 
frequency  GPS  receivers  (Tundra  and  ISO-type  scenar¬ 
ios)  are  assumed  to  provide  differential  (L1-L2)  con¬ 
tinuous  carrier  phase  measurements  in  addition  to  the 
C/A-code  pseudo-range,  integrated  Doppler 
(continuous  carrier  phase)  and  carrier  phase  measure¬ 
ments  at  the  LI  frequency.  The  errors  affecting  the 
GPS  observations  are  assumed  as  follows:  0.5  m  and 
0.25  m  for  pseudoranges  provided  by  C/A  code  and 
dual-frequency  GPS  receivers,  respectively,  and  1  mm 
carrier  phase  noise. 

C/A-code  GPS  receivers  (M-HEO(8)  and  Molniya  sce¬ 
narios)  provide  measurements  at  LI  frequency  only 
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which  means  that  ionosphere  effects  cannot  be  com¬ 
pensated  on-board  unless  provisions  are  made  for  esti¬ 
mating  the  ionosphere  refraction  correction.  On  this 
respect  it  must  be  noted  that: 

•  For  the  cases  where  the  satellite  at  M-HEO(8)  or 
Molniya  orbit  has  a  GPS  antenna  pointing  in  the 
zenith  direction,  then  the  ionosphere  refraction 
correction  error  can  be  neglected  for  practical 
purposes. 

•  For  the  cases  where  the  satellite  at  M-HEO(8)  or 
Molniya  orbit  has  a  GPS  antenna  pointing  in  the 
nadir  direction,  then  the  ionosphere  range  error 
can  attain  values  of  100  m  which  require  imple¬ 
mentation  of  some  mechanism  to  overcome  it. 
Several  compensation  methods  have  been  dis¬ 
cussed  and  it  is  proposed  to  use  a  method  to  reject 
ionosphere  affected  signals.  This  can  be  easily 
done  by  enlarging  by  1,000  Km  the  size  of  the 
Earth;  using  this  1,000  Km  constraint  the  iono¬ 
sphere  effects  are  almost  null.  Obviously  this 
mechanism  implies  worse  visibility  conditions  as 
will  be  shown  later. 

Dual-frequency  GPS  receivers  (Tundra  and  ISO-type 
scenarios)  provide  continuous  carrier  phase  measure¬ 
ments  at  both  frequencies  LI  and  L2,  which  means  that 
ionosphere  effects  can  be  compensated  on-board  (since 
ionosphere  errors  are  a  function  of  the  frequency  of  the 
signal  being  transmitted).  It  is  therefore  assumed  that 
ionosphere  refraction  error  can  almost  entirely  be  com¬ 
pensated  on-board.  Finally,  differential  GPS  (needed 
for  the  ISO-type  scenario)  allows  removing  entirely  the 
effects  of  GPS  clocks  and  vastly  compensates  the 
effects  of  GPS  ephemeris.  With  this  technique  the 
measurements  are  differenced  with  those  simultane¬ 
ously  made  at  ground  tracking  sites  observing  the  same 
set  of  GPS  satellites. 

2.2.  Observability  analysis 

Due  to  the  nature  of  the  orbits  under  consideration  (see 
figure  1),  and  assuming  that  the  nominal  S/C  attitude  is 
Earth  pointing,  there  appear  the  following  possibilities 
for  locating  the  GPS  receiver  antenna: 

•  M-HEO(8)  and  Molniya  scenarios:  both  nadir- 
view  and  zenith-view  location  would  bring  GPS 
satellite  signals  within  the  GPS  receiver  antenna 
field  of  view.  The  advantage  of  the  zenith-view 
antenna  is  that  the  ionosphere  disturbing  effect 
does  not  appear  and  that  the  GPS  signals  travel  is 
shorter.  On  the  other  hand,  a  zenith-view  antenna 
gives  a  worse  GPS  satellite  visibility  as  will  be 
shown  later. 

•  Tundra  scenario:  the  only  sensible  orientation  of 
the  GPS  receiver  antenna  is  in  nadir-view.  As  dis¬ 
cussed  earlier,  due  to  the  demanding  OD  accuracy 
requirements,  it  is  assumed  that  the  ionosphere 


disturbance  is  removed  by  the  availability  on¬ 
board  of  a  dual  frequency  GPS  receiver. 

•  ISO-type  scenario:  due  to  very  demanding  OD 
accuracy  requirements,  both  zenith-view  and  na¬ 
dir-view  antennas  are  assumed. 


Figure  1 :  Geometry  of  the  HEO  mission  scenarios  and 
GPS  constellation 


Figures  2  and  3  show  the  visibility  charts^  for  the  HEO 
mission  scenarios  under  consideration. 

Analysis  of  these  figures  reveals  that  for  the  M-HEO(8) 
and  Molniya  orbit  scenarios  the  zenith-view  antenna 
case  implies  a  large  proportion  of  time  with  no  visible 
satellites.  In  addition,  the  nadir- view  antenna  provides 
a  mean  number  of  visible  GPS  satellites  significantly 
higher  than  that  provided  by  the  zenith- view  case.  It  is 
therefore  concluded  that  further  investigations  will 
concentrate  in  the  nadir-view  case;  the  zenith- view  case 
is  discarded. 


M-HE08 

M-HE08 

Molniya 

Molniya 

Tundra 

ISO 

Nadir 

Zenith 

Nadir 

Zenith 

(Nadir 

(N&Z 

view 

view 

view 

view 

view) 

view) 

Figure  2:  Number  of  visible  GPSS^  for  each  candidate 
target  mission  and  GPS  receiver  antenna  pointing. 


^  The  results  presented  correspond  to  geometric  visibility 
conditions,  i.e.  it  has  been  assumed  that  the  power  level  and 
signal-to-noise  ratio  of  the  GPS  signals  arriving  at  the  GPS 
receiver  are  unconstrained  (i.e.  infinite  GPS  receiver 
sensitivity).  This  particular  problem  will  be  discussed  later. 
However,  for  the  M-HEO(8)  and  Molniya  nadir-view 
antennas,  as  discussed  earlier,  an  on-board  technique  has 
been  put  in  place  to  reject  those  signals  which  are  suspected 
of  crossing  the  ionosphere.  Therefore,  ionosphere  crossing 
signals  are  not  considered  as  visible. 
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Figure  3:  Analysis  of  loss  of  visible  GPSS^  for  each 
candidate  mission  and  GPS  receiver  antenna  pointing. 


Pj.  is  the  power  level  at  the  GPS  receiver 

EIRP  is  the  effective  isotropic  radiated  power  by 
the  emitting  GPS  satellites  in  the  maximum 
gain  direction.  Based  on  actual  GPS  signal 
levels,  which  are  around  5  dB  higher  than 
specifications,  it  has  been  considered  that 
the  GPS  satellites  EIRP  (in  the  maximum 
gain  direction)  is  30  dBw. 

Lf  is  the  transmitter  antenna  gain  loss  with  re¬ 
spect  to  the  maximum  gain  direction.  This 
term  accounts  for  the  antenna  gain  pattern  of 
the  GPS  satellites. 


2.3.  Link  budget 

GPS  satellite  signals  power  reception  levels  at  Earth 
surface  is  -160  dBw  as  minimum  (although  current 
power  levels  are  typically  of  about  -154  dBw).  Taking 
into  account  that  in  the  case  of  a  satellite  at  HEO  the 
GPS-HEO  signal  travel  can  be  significantly  longer, 
geometric  visibility  does  not  imply  signal  availability  at 
the  required  power  levels.  Two  parameters  play  an 
important  role: 

•  The  power  level  of  the  received  GPS  signals: 
commercial  receivers  are  designed  taking  into  ac¬ 
count  the  minimum  signal  power  level  guaranteed 
by  the  USA  DoD  (-160  dBw).  Due  to  the  rela¬ 
tively  large  distance  in  this  application  (for  the 
cases  of  the  GPS  antenna  pointing  in  the  Nadir  di¬ 
rection  and  the  satellite  being  close  to  its  orbit 
apogee)  it  is  likely  that  the  received  power  level  is 
less  than  that  value. 

•  More  important  yet  is  the  received  ONq  ratio  of 
the  GPS  signals.  While  a  weak  signal  can  be 
amplified  to  reach  the  desired  power  level,  noth¬ 
ing  can  be  done  if  the  contribution  of  the  different 
noise  sources  is  such  that  the  overall  CINq  ratio  is 
less  than  the  receiver  sensitivity.  From  ref  [7],  the 
nominal  CINq  at  the  input  of  the  LNA  unit  shall 
be  of  46  dBHz  at  LI  frequency  and  the  minimum 
carrier-to-noise  power  density  ratio  for  signal  ac¬ 
quisition  shall  be  of  38  dBHz  (both  measured  at 
the  LNA  input). 

The  antenna  gain  pattern  of  the  GPS  satellites  deserves 
special  attention.  Based  on  actual  GPS  signal  levels, 
which  are  around  5  dB  higher  than  specifications,  it  has 
been  considered  that  the  GPS  satellites  EIRP  (in  the 
maximum  gain  direction)  is  30  dBw. 

From  ref’s.  [2]  and  [4]  it  is  possible  to  derive  the  fol¬ 
lowing  formulation  for  the  power  level  and  CINq  ratio 
of  the  GPS  signal  received: 

P^  =  EIRP  +  L,  -H  L,  +  4  +  G,  +  4 
C  /  =  EIRP  +  L,  +  4  +  4  +  G,  +  4- 

-101og,o7;.  +  228.6 


•“I  I  I  I 

ft  «.  Jft  IS.  so. 

Angle  with  respect  to  boresight  [deg] 

Figure  4:  GPS  emitting  antenna  gain  loss  vs 
reception  direction 

Gf.  is  the  receiver  GPS  antenna  gain  in  the 
maximum  gain  direction.  From  ref  [6],  typi¬ 
cal  low-cost  GPS  antennas  provide  a  gain  of 
6dB 

4  is  the  attenuation  of  the  GPS  signal  when  re¬ 
ceived  from  a  direction  different  from  the 
GPS  antenna  maximum  gain.  It  is  a  function 
of  the  deviation  of  the  incoming  signal  from 
the  maximum  gain  direction. 

is  the  free-space  loss,  given  by 

where  Xq  is  the  wavelength  (corresponding 
to  LI  frequency)  and  d  is  the  distance  be¬ 
tween  the  GPS-satellite  and  the  GPS  re¬ 
ceiver 

4  encompasses  other  system  losses  like  polari¬ 
sation  mismatch,  etc.,  assumed  as  being  -2 
dBw 

4  is  the  system  noise  temperature,  assuming 
that  the  antenna  is  pointing  at  the  Earth,  this 
is  290  K,  otherwise  this  is  180  K. 

The  above  formulation  and  related  assumptions 
(adopted  from  ref's  [2],  [4]  and  [6])  allow  us  to  calcu¬ 
late  the  resulting  power  level  and  associated  CINq  ratio 
of  every  signal  arriving  at  the  GPS  receiver.  Computer 
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simulations  were  performed  to  compute  the  effective 
observability  charts  when  power  level  and  signahto- 
noise  ratio  constraints  are  put  in  place.  Figures  6  and  7 
correspond  to  the  visibility  charts  of  the  previous  sec¬ 
tion  but  now  any  GPS  signal  arriving  at  the  GPS  re¬ 
ceiver  with  a  signal-to-noise  ratio  below  38  dB  is  con¬ 
sidered  as  not  visible.  The  assumptions  which  have 
been  made  as  concerns  the  GPS  receiver  antenna  are 
summarised  in  table  3.  Inspection  of  these  plots  reveals 
the  following  conclusions: 

•  M-HEO(8)  and  Molniya  scenarios:  there  is  a  sig¬ 
nificant  loss  in  the  number  of  GPS  satellites  ob¬ 
served  at  the  required  ONq  level:  the  mean  num¬ 
ber  of  GPS  satellites  observed  falls  to  1.480  (M- 
HEO(8))  /  1.165  (Molniya)  from  2.792  (M- 
HEO(8))  /  2.192  (Molniya)  described  in  previous 
section.  However,  the  resulting  visibility  charts 
appear  still  promising  to  reach  the  specified  OD 
accuracy  requirement.  It  must  be  noted  that  the 
power  level  becomes  as  low  as  -165.980  (M- 
HEO(8))  /  -165.970  (Molniya)  dB  and,  thus,  there 
is  a  need  to  raise  the  power  level  by  some  6  dBw 
by  means  of  a  low  noise  amplifier.  An  alternative 
to  this  would  be  to  mount  on-board  the  M- 
HEO(8)  or  Molniya  orbiting  S/C,  a  high  gain  an¬ 
tenna  which  would  raise  both  the  CINq  and  power 
level.  But  in  this  case  the  price  to  pay  is  a  reduced 
antenna  field  of  view  which  would  result  in  still 
reduced  visibility  conditions  (mean  number  of 
visible  GPS  satellites  is  reduced  by  about  25%) 
and,  thus,  worse  OD  accuracy  (simulations  reveal 
that  OD  accuracy  loss  is  of  approximately  50- 
60%). 

•  Tundra  scenario:  analysis  reveal  that  at  Tundra 
altitudes  the  GPS  signals  arrive  at  the  GPS  re¬ 
ceiver  antenna  within  a  narrow  cone  of  approxi¬ 
mately  20  degrees  (half-cone  angle).  This  allows 
to  utilise  a  high  gain  antenna  and  the  reduced  field 
of  view  does  not  affect  the  visibility  conditions. 
Even  with  a  high  gain  antenna  (12  dB  in  the 
maximum  gain  direction)  there  is  a  significant 
loss  of  visible  GPS  satellites  at  the  required  ONq 
levels:  it  falls  to  1.168  from  1.862.  It  must  be 
noted  that  the  power  level  becomes  as  low  as  - 
165.970  and,  thus,  there  is  also  a  need  to  raise  it 
by  the  aid  of  a  low  noise  amplifier  between  the 
GPS  receiver  antenna  and  the  GPS  receiver  LNA 
input. 

•  ISO  scenario:  the  zenith-view  antenna  does  not 
pose  any  problem.  On  the  other  hand,  even  with  a 
high  gain  nadir- view  antenna  (12  dB  in  the  maxi¬ 
mum  gain  direction)  there  is  a  loss  of  visible  GPS 
satellites  at  the  required  CINq  levels  (it  falls  to 
1.108  from  1.659)  and  the  power  level  becomes 
as  low  as  -167.940  and,  thus,  there  is  a  need  to 
raise  it  by  some  8  dBw  with  the  aid  of  a  low  noise 
amplifier. 
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Figure  6:  Number  of  visible  GPSS  for  each  mission  and 
GPS  receiver  antenna  pointing  at  the  required  power 
level. 
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Figure  7:  Analysis  of  loss  of  visible  GPSS  for  each 
mission  and  GPS  receiver  antenna  pointing  at  the  re¬ 
quired  power  level. 

2.4.  On-board  orbit  dynamic  models 

Due  to  the  fact  that  the  GPS-based  orbit  determination 
algorithms  are  targeted  to  run  on-board  the  spacecraft, 
there  is  a  need  for  implementing  a  low-cost^  dynamics 
model.  Since  the  on-board  estimation  filter  relies  on 
both  the  measurements  model  and  the  on-board  dynam¬ 
ics  model  to  derive  an  optimum  estimate  of  the  space¬ 
craft  location,  then  the  quality  of  the  on-board  dynam¬ 
ics  model  is  one  of  the  driving  factors  of  the  orbit  de¬ 
termination  algorithm  performances.  This  is  particu¬ 
larly  important  in  orbital  arcs  where  there  is  no  avail¬ 
able  measurement  as  was  discussed  before.  Analyses 
have  been  conducted  to  identify  an  optimum  on-board 
orbit  dynamics  model  for  each  of  the  HEO  scenarios 
under  consideration  with  the  following  conclusions: 

•  M-HEO(8)  and  Molniya  orbits:  due  to  low  de¬ 
manding  OD  accuracy  requirements,  an  extremely 
simplified  orbit  dynamics  model  has  been  se¬ 
lected,  implementing  only  the  Earth’s  gravity  field 
model  to  the  order  and  degree  2,  i.e.  the  central 
gravity  plus  the  J2  and  terms. 


^  Low-cost  here  refers  to  the  requirements  imposed  by  the 
selected  dynamics  model  on  the  on-board  processor  in  terms 
of  memory  requirements  and  CPU  demands. 
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•  Tundra  and  ISO  orbits:  due  to  high  demanding 
OD  accuracy  requirements,  a  more  sophisticated 
orbit  dynamics  model  has  been  selected,  imple¬ 
menting  an  Earth's  gravity  field  model  to  the  order 
and  degree  4,  third  body  perturbations  due  to  Sun 
and  Moon  following  an  analytical  ephemeris 
model  and  solar  radiation  pressure  perturbations 
following  a  rough  analytical  model. 

2.5.  Preliminary  analysis  of  OD  accuracy 

A  GPS-based  estimation  filter  implementing  the  algo¬ 
rithms  described  in  section  3  has  been  built  to  assess 
the  performances  of  such  a  system  in  the  selected  HEO 
scenarios.  The  estimation  technique  employed  is  based 
on  and  extended  Kalman  filter  is  used  to  perform  esti¬ 
mation  of  the  following  state  vector: 


The  orbit  dynamics  models  discussed  in  paragraph  2.4 
are  used  for  the  propagation  of  the  position  and  veloc¬ 
ity  state  vector  components.  Both  pseudo-range  and 
integrated  Doppler  measurements  are  processed  in  a 
sequential  fashion  to  perform  state  vector  update.  For 
the  dual-frequency  GPS  receiver  concept  (Tundra  and 
ISO-type  orbit  scenarios)  it  is  assumed  that  the  on¬ 
board  algorithm  precisely  know  the  disturbing  effect  of 
ionosphere  at  95%  confidence  level.  For  the  differen¬ 
tial  GPS  concept  (ISO-type  orbit  scenario)  it  is  as¬ 
sumed  that  the  on-board  algorithms  are  able  to  entirely 
remove  the  disturbing  effect  of  selective  availability. 

Table  3  summarises  the  most  significant  input  data 
which  have  been  used  to  perform  the  simulations  as 
well  as  the  resulting  HW/SW  requirements  for  each 
mission  scenario.  The  results  are  here  summarised: 


RMS  Position  estimation  errors  (m) 


where  x  is  the  spacecraft  position  vector,  v  is  the 
spacecraft  velocity  vector,  is  the  normalised  fre¬ 
quency  of  the  GPS  receiver  clock,  ATg  is  the  time  bias 

of  the  GPS  receiver  clock,  b  are  the  range  biases  at 
each  of  the  GPS  receiver  channels  (these  are  modelled 
as  a  1st  order  Gauss-Markov  processes,  attempting  to 
attenuate  the  disturbing  effect  of  selective  availability) 
and  I  are  the  Doppler  integration  constants  at  each  of 
the  GPS  receiver  channels. 


Molniya 

M-HEO(8) 

Tundra 

ISO-type 


Along- 

track 

Across- 

track 

Radial 

TOTAL 

138.135  237.857 

61.270  61.270 

45.512  23.090 

5.230  2.299 


129.347  303.347 

104.011  153.362 

22.628  55.826 

12.543  13.782 


Table  2:  Resulting  OD  accuracy  for  each  mission. 


GPS 

receiver 


Hardware  GPS 
requirements  receiver 
antenna  1 


GPS 
receiver 
antenna  2 


Number  of  channels 


Pseudo-range  noise 


Carrier  phase  noise 


Clock 


Sensitivity  (CINq) 


Sensitivity  (PWR) 


Orientation 


Beam-width 


Max.  antenna  gain 


Max.  antenna  gain  loss 


Orientation 


Beam- width 


Max.  antenna  gain 


Max.  antenna  gain  loss 


OD  filtering  technique _ 

Software  Ionosphere  effects  mitigation 

requirements  On-board  orbit  dynamics  model 
Measurements  processed 


Differential  GPS 


M-HEO(8) 


C/A 


>9 


0.5  -  5  m 


1-10  mm 


Low-cost 

crystal 


>  38  dBHz 


>  -160  dBw 


Nadir-view 


6dB 


6.6  dB 


6dB 


Molniya 


C/A 


>9 


0.5  -  5  m 


1  -  10  mm 


Tundra 


ISO-tyi 


>  38  dBHz 


>  -160  dBw 


Nadir-view 


>4 


0.25  m 


1  mm 


State-of-the- 
art  crystal 


>  38  dBHz 


>  -160  dBw 


Nadir-view 


>9 


0.25  m 


1  mm 


Atomic 


>  38  dBHz 


>  -160  dBw 


Nadir-view 


g 

160  de 

g 

60  de 

g 

60  de 

6dB 


6.6  dB 


6dB 


12  dB 


1.1  dB 


6dB 


12  dB 


1.1  dB 


6dB 


Zenith-view 


160  de 


6dB 


6.6  dB 


Kalman 


Reject 


2x2  2x2  4x4+  4x4+ 


PRN,  NDOP  PRN,  NDOP  PRN,  NDOP  PRN,  NDOP 


No  No  No  Yes 


Kalman 


Re 


Table  3:  Overview  of  HW/SW  requirements  for  the  proposed  GPS-based  OD  system  of  each  mission  scenario 
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2.6.  Conclusions 

Table  3  summarises  the  HW/SW  demands  on  each  se¬ 
lected  mission  scenario  to  achieve  the  prescribed  OD 
accuracy  targets.  It  must  be  noted  that  they  are  largely 
met  in  both  the  M-HEO(8)  and  Molniya  orbit  scenar¬ 
ios.  For  the  Tundra  case  no  dual-frequency  GPS-based 
OD  method  allows  orbit  determination  at  the  pre¬ 
scribed  accuracy  (30  m,  la).  However,  the  proposed 
hardware/software  configuration  allows  orbit  determi¬ 
nation  at  an  accuracy  of  60  m  (la)  not  far  from  the 
specified  target.  Finally,  for  the  ISO-type  orbit  scenario 
there  is  no  way  for  an  on-board  GPS-based  orbit  de¬ 
termination  method  to  reach  the  prescribed  OD  accu¬ 
racy  (1  m,  la).  The  best  we  can  do  implementing  a 
state-of-the-art  dual-frequency  GPS  receiver  with  two 
GPS  receiver  antennas  and  having  the  support  of  differ¬ 
ential  GPS  to  remove  the  disturbing  effect  of  selective 
availability,  is  an  orbit  determination  accuracy  of  ap¬ 
proximately  10  m  (la). 


3.  GPS-BASED  ORBIT  DETERMINATION  AL¬ 
GORITHMS 

The  on-board  software  required  for  performing  the 
autonomous  GPS  based  OD  is  summarised  in  figure  8 
which  represents  a  particular  application  case  of  an  ex¬ 
tended  Kalman  filter.  Such  an  algorithm  is  able  to  pro¬ 
vide  real-time  estimation,  i.e.  the  time  at  which  the  es¬ 
timate  is  output  coincides  with  the  last  measurement 
point. 

In  figure  8  it  has  been  omitted  the  selection  of  the  GPS 
satellites  to  be  tracked  since  it  is  assumed  to  be  per¬ 
formed  by  the  receiver  itself.  In  our  case  we  are  assum¬ 
ing  having  9  channels  which  is  already  a  conservative 
assumption,  since  most  of  the  GPS  receivers  currently 
under  development  foresee  an  "all-in- view"  approach, 
which  means,  in  practice,  that  they  are  being  designed 
with  12  or  even  more  receiver  channels. 


Figure  8:  Orbit  determination  function  architecture. 


The  functionalities  required  are  here  briefly  summa¬ 
rised: 

•  Acquisition  of  GPS  receiver  data:  the  GPS  re¬ 
ceiver  will  output  the  following  data  which  drive 
our  estimation  filter:  identification  of  the  GPS 
satellites  tracked,  the  raw  GPS  measurements 
(pseudo-range  and  integrated  Doppler)  in  all  the 
receiver  channels  and  antennas,  time  of  measure¬ 
ment  in  the  receiver  clock,  and,  GPS  satellite 
navigation  message  data,  including  the  ephemeris 
of  the  GPS  satellites  being  tracked. 

•  Prediction  of  the  GPS  satellites  state  vector:  some 
GPS  satellite  data  are  required  for  the  measure¬ 
ment  processing  (i.e.,  GPS  satellite  position,  ve¬ 
locity  and  acceleration  vectors  for  the  observables 


on-board  prediction  and  for  the  observation  ma¬ 
trix  computation,  see  below).  Hence,  a  GPS  satel¬ 
lites  state  vector  prediction  is  required.  Such  pre¬ 
diction  will  be  performed  from  the  GPS  satellites 
ephemeris  contained  in  the  GPS  Navigation  Mes¬ 
sage  Data  using  Keplerian  propagation  modified 
with  second  order  harmonic  perturbations. 

The  on-board  GPS  based  OD  function  will  consist  of 
the  following  modules: 

•  Initialisation  of  the  state  vector  and  covariance 
matrix  for  orbit  determination:  as  discussed  in 
paragraph  2.5,  the  augmented  state  vector  used 
will  consist  of  (S+lnJ  components  as  follows  (n^ 
stands  for  the  number  of  GPS  receiver  channels). 
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The  initialisation  of  this  vector  (mean  and  covari¬ 
ance)  is  performed  from  input  parameters. 

•  Propagation  of  the  mean  augmented  state  vector: 
the  augmented  state  vector  is  propagated  as  fol¬ 
lows:  if  there  is  a  change  of  the  GPS  satellite 
tracked  in  a  receiver  channel,  the  elements  of  the 
estimated  augmented  state  vector  corresponding 
to  the  associated  range  bias  and  integrated  Dop¬ 
pler  constant  should  be  initialised,  the  propaga¬ 
tion  of  the  spacecraft  position  and  velocity  is  per¬ 
formed  by  integrating  numerically  the  equations 
of  motion  in  the  inertial  frame,  and,  the  propaga¬ 
tion  of  the  estimated  parameters  (i.e.,  other  ele¬ 
ments  of  the  augmented  state  vector  apart  from 
the  spacecraft  position  and  velocity)  is  performed 
analytically  from  the  corresponding  dynamic  error 
model  selected  (e.g.,  bias,  ECRV,  etc.). 

•  Propagation  of  the  augmented  state  vector  error 
covariance  matrix:  the  augmented  state  vector  er¬ 
ror  covariance  matrix  is  propagated  as  follows:  if 
there  is  a  change  of  the  GPS  satellite  tracked  in  a 
receiver  channel,  the  elements  of  the  estimated 
covariance  matrix  corresponding  to  the  associated 
range  bias  and  integrated  Doppler  constant  should 
be  initialised,  the  transition  matrix  of  the  space¬ 
craft  position  and  velocity  vectors  is  computed 
analytically  by  using  the  formulation  of  a  second 
order  Runge  Kutta  numerical  integrator.  The  re¬ 
quired  dynamic  matrix  is  computed  analytically 
from  the  linearised  formulation  and  using  the  es¬ 
timated  state  vector.  The  transition  matrix  of  the 
estimated  parameters  is  constructed  analytically 
from  their  modelled  dynamics,  and,  the  error  co- 
variance  matrix  associated  to  the  augmented  state 
vector  is  propagated  using  discrete  formulation. 
The  above  mentioned  transition  matrix,  the  co- 
variance  matrix  at  previous  time  and  the  system 
noise  covariance  matrix  are  used.  The  system 
noise  associated  to  the  spacecraft  state  vector  is 
computed  analytically  from  the  uncertainties  in 
the  on-board  orbit  dynamics  model,  whereas  the 
system  noise  covariance  matrix  associated  to  the 
estimated  parameters  is  directly  constructed  from 
their  on-board  modelled  dynamics.  The  covari¬ 
ance  matrix  propagation  will  be  done  by  using  its 
U-D  factorisation  in  order  to  reduce  the  on-board 
computer  workload  as  well  as  to  improve  the  nu¬ 
merical  stability. 

•  Processing  of  measurements:  the  raw  measure¬ 
ments  provided  by  the  receiver  will  be  processed 
as  follows:  the  observables  selected  for  the  orbit 
determination  (namely,  pseudo-range  and  inte¬ 
grated  Doppler)  will  be  predicted  on-board  by 
using  non-linear  formulation  (an  extended  Kal¬ 
man  filter  is  used)  and  by  using  the  a-priori  esti¬ 
mate  of  the  augmented  state  vector,  spacecraft 
data  (namely  measurement  time)  and  selected 


GPS  satellite  data  (namely,  position,  velocity  and 
acceleration  vectors)  provided  by  a  GPSS  state 
vector  prediction  algorithm,  the  on-board  pre¬ 
dicted  values  of  the  observables  are  used  to  com¬ 
pute  the  corresponding  innovations  (or  measure¬ 
ment  residuals):  difference  between  the  raw 
measurement  (pseudo-range  or  integrated  Dop¬ 
pler)  through  the  channel  under  consideration  and 
the  predicted  values,  the  observation  matrix  to  be 
used  for  the  filtering  process  is  computed  ana¬ 
lytically  using  an  appropriate  formulation  ob¬ 
tained  after  linearising  (with  respect  to  the  mean 
estimate  of  the  augmented  state  vector),  and,  a 
constant  and  GPS  receiver  dependent  value  of  the 
pseudo-range  and  integrated  Doppler  measure¬ 
ments  noise  is  assumed. 

•  Update  of  the  augmented  state  vector  and  covari¬ 
ance  matrix:  an  extended  Kalman  filter  is  used  to 
update  the  augmented  state  vector  and  associated 
error  covariance  matrix.  The  measurements  are 
processed  sequentially  (i.e.  one-by-one)  by  the  fil¬ 
tering  algorithm  for  reducing  the  number  of  op¬ 
eration  required,  and  the  covariance  matrix  update 
is  made  using  the  U-D  factorisation.  The  Kalman 
gain  matrix  is  computed  by  weighting  the  a-priori 
estimate  of  the  error  covariance  matrix  in  order  to 
improve  the  convergence  characteristics  of  the  fil¬ 
tering  process. 

4.  PERFORMANCE  ANALYSIS  OF  GPS-BASED 
ORBIT  DETERMINATION  FOR  AR¬ 
CHIMEDES 

A  detailed  sensitivity  analysis  has  been  performed  only 
for  the  M-HEO(8)  scenario.  The  main  results  are  pre¬ 
sented  below. 

4.1.  Sensitivity  analysis  w.r.t.  different  selective 
availability  models 

Tests  have  been  performed  to  investigate  the  robust¬ 
ness  of  the  orbit  determination  techniques  to  changes  in 
the  selective  availability  models.  This  was  done  by 
running  several  simulations  which  differed  only  in  the 
type  of  selective  availability  model  implemented. 

A  summary  of  the  results  is  shown  in  table  4  from 
which  one  can  conclude  that  the  proposed  algorithms 
exhibit  a  remarkable  robustness  with  respect  to  changes 
of  selective  availability  models. 

Even  for  the  case  of  the  time  series  selective  availabil¬ 
ity  models  (i.e.  Lear  Arima  2x1,  Zyla  Arima  3x2  and 
RTCA  Gauss  Markov  SA  model,  which  are  regarded  as 
too  pessimistic  since  they  provide  an  output  which  is 
too  noisy  compared  to  actual  SA  measurements),  the 
proposed  algorithms  are  able  to  maintain  the  position¬ 
ing  estimation  accuracy  very  close  to  the  nominal  case: 
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maximum  OD  error  differences  with  respect  to  the 
nominal  case  are  always  below  10%. 


RMS  position  estimation  error  (m) 

SA  MODEL 

Along- 

track 

Cross¬ 

track 

Radial 

Total 

None 

62.5 

42.3 

100.9 

126.0 

Lear  deterministic 

75.7 

80.6 

112.0 

157.4 

Lear  random 

76.1 

61.5 

106.9 

145.0 

Martfnez-Molina 

83.2 

52.0 

107.6 

145.7 

Rater  Jerk  analytic 

95.0 

61.3 

104.0 

153.4 

Lear  Arima  2x1 

90.3 

82.2 

115.5 

168.1 

Zyla  Arima  3x2 

83.1 

74.7 

115.3 

160.6 

RTCA  Gauss  Markov 

81.9 

88.3 

111.1 

163.9 

Table  4:  Orbit  Determination  ElMS  errors  summary  re¬ 
sults  for  different  SA  models 


4.2.  Sensitivity  analysis  w.r.t.  GPS  receiver  clock 
stability 

In  the  frame  of  this  study  it  has  been  assumed  for  the 
M-HEO(8)  orbit  scenario  that  a  low-cost  crystal  clock 
would  be  sufficient  for  achieving  the  proposed  target 
orbit  positioning  accuracy.  The  GPS  receiver  clock  is 
modelled  as  follows; 

EdoAt  +  AO  =  (0  +  +  W 

where  is  the  normalised  clock  frequency  error 

which  is  driven  by  a  constant  drift  and  a  noisy 

term  (w)  representing  the  clock  stability;  ATg  is  the 
time  bias  of  the  GPS  receiver  clock  which  is  obtained 
through  integration  of  the  normalised  clock  frequency 
error.  The  term  4/ocjt  has  been  assumed  as  being 
10"^^(s/s)/s  as  discussed  in  ref.  [8]  for  a  low  cost  crys¬ 
tal  clock  and  this  value  is  regarded  as  conservative. 
Therefore,  no  sensitivity  analysis  will  be  performed 
with  respect  to  the  GPS  receiver  clock  drift/ageing. 
Another  subject  is  the  clock  stability  (driven  by  the 
term  w  above).  Ref.  [8]  suggests  a  value  of  10"^^  (this 
is  regarded  as  a  quite  pessimistic  value)  for  low-cost 
crystal  clocks  and  for  a  sampling  rate  of  1  sec.  A  sensi¬ 
tivity  analysis  will  be  conducted  with  respect  to  various 
values  of  this  parameter  ranging  from  10”^  to  10“^  ^ 

It  should  be  noted  that  the  changes  in  receiver  clock 
stability  were  matched  by  corresponding  changes  in  the 
estimation  filter  tuning  (the  clock  error  is  one  of  the 
terms  estimated  by  the  on-board  filter).  In  practice,  this 
means  that  we  assume  that  the  user  has  a  relatively 
good  knowledge  of  the  clock  characteristics. 

A  summary  of  the  simulation  results  is  presented  in  ta¬ 
ble  5.  It  will  be  seen  that  the  proposed  estimation 
technique  is  very  robust  to  variation  in  clock  character¬ 
istics  with  the  total  error  remaining  within  ±15  %  of  its 


nominal  value  even  for  a  hundredfold  deterioration  in 
clock  stability. 


RMS  position  estimation  error  (m)  | 

Clock  stability  term 
w 

Along- 

track 

Across- 

track 

Radial 

TOTAL 

0 

95.3 

61.3 

104.0 

153.6 

10'' 

100.3 

61.5 

102.5 

156.0 

lO'o 

114.8 

57.3 

109.9 

168.9 

10'" 

116.8 

55.3 

124.1 

179.1 

Table  5:  OD  RMS  errors  summary  results  for  different 
values  of  the  GPS  receiver  clock  stability 


One  can,  therefore  conclude  that  the  clock  stability  is 
not  a  crucial  issue  for  our  application  case.  The  reason 
why  clock  stability  does  not  affect  the  accuracy  of  the 
orbit  estimation  method  is  due  to  the  fact  that  the  pro¬ 
posed  GPS-based  Orbit  Determination  algorithm  is 
based  on  dynamic  filtering  where  two  sources  of  infor¬ 
mation  (the  measurements  provided  by  the  GPS  re¬ 
ceiver  and  the  orbital  dynamics  knowledge)  are  merged 
together.  To  this  one  must  add  that  the  observation 
matrix  (the  matrix  with  the  partial  derivatives  of  the 
measurements  with  respect  to  the  state  vector  elements) 
of  our  system  is  such  that  the  clock  related  state  ele¬ 
ments  (both  the  normalised  clock  frequency  error  and 
the  time  bias  of  the  GPS  receiver  clock)  are  highly  ob¬ 
servable.  This  makes  that  after  periods  of  non- visibility 
of  the  GPS  satellites,  during  which  the  receiver  clock  is 
drifting  (and,  thus,  the  corresponding  state  estimate  is 
becoming  worse  and  worse),  the  filter  uses  its  orbit  dy¬ 
namics  model  to  propagate  the  orbital  estimates  (S/C 
position  and  velocity  vectors).  Since  periods  of  non 
visibility  last  at  the  most  one  hour,  the  error  accumu¬ 
lated  by  the  on-board  orbit  propagator  is  comparatively 
small.  When  the  GPS  satellites  come  into  view  again, 
the  receiver  clock  has  accumulated  a  certain  error.  This 
error  will,  however,  be  quickly  corrected  by  the  filter 
thanks  to  the  still  quite  accurate  estimate  of  the  orbital 
position  and  high  observability  of  clock  related  state 
components. 

4.3.  Sensitivity  analysis  w.r.t.  GPS  receiver  an¬ 
tenna  /  amplifier  gain 

Previously  the  link  budget  for  the  GPS  signals  at  M- 
HEO(8)  altitudes  was  discussed.  It  was  shown  that  in 
order  to  raise  the  power  level  above  -160  dBw  it  is 
necessary  to  add  an  amplifier  to  increase  the  power 
level  by  some  6  dBw.  This  result  is  based  on  a  number 
of  assumptions  including  the  assumed  GPS  receiver 
antenna  gain  pattern.  Since  there  is  some  technological 
margin  related  to  this  requirement  we  are  interested  in 
knowing  what  is  the  sensitivity  of  our  proposed  GPS- 
based  OD  algorithms  to  this  parameter  (the  GPS  re¬ 
ceiver  antenna  amplifier  gain).  It  must  be  noted  that 
this  parameter  is  functionally  equivalent  to  the  GPS  re¬ 
ceiver  antenna  gain  in  the  maximum  gain  direction. 
Several  simulations  were  performed  for  different  values 
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of  the  GPS  receiver  antenna  amplifier  gain  (2,  3,  4,  5, 
6,  7,  8,  9  and  10  dBw),  the  rest  of  the  input  data  being 
identical  in  all  the  cases.  A  summary  of  the  simulation 
results  is  shown  in  table  6  which  yields  the  following 
conclusions: 

•  Values  of  the  GPS  receiver  antenna  amplifier  gain 
above  6  dBw  is  of  no  interest.  The  number  of 
measurements  processed  by  the  OD  filter  stays 
constant  and  therefore,  the  OD  accuracy  keeps 
constant  to  the  very  last  digit. 

•  Decreasing  the  value  of  the  GPS  receiver  antenna 
amplifier  gain  below  6  dBw  implies  that  the  num¬ 
ber  of  measurements  processed  by  the  OD  filter 
decreases  and,  therefore,  the  OD  accuracy  de¬ 
grades.  The  amount  of  performance  degradation  is 
of  less  than  1  %  in  the  case  where  the  gain  loss  is 
of  1  dBw.  However,  for  the  cases  where  the  gain 
loss  is  of  4  dBw,  then  the  performance  degrada¬ 
tion  becomes  as  high  as  27.6%. 


1  RMS  position  estimation  error  (m)  | 

GPS  receiver  antenna 
amplifier  gain  (dBw) 

Along- 

track 

Cross¬ 

track 

Radial 

Total 

10 

95.0 

61.3 

104.0 

153.4 

9 

95.0 

61.3 

104.0 

153.4 

8 

95.0 

61.3 

104.0 

153.4 

7 

95.0 

61.3 

104.0 

153.4 

6 

95.0 

61.3 

104.0 

153.4 

5 

95.3 

59.9 

105.2 

154.0 

4 

94.7 

68.0 

144.4 

185.6 

3 

105.5 

68.2 

126.9 

178.5 

2 

120.0 

90.6 

125.2 

195.7 

Table  6:  OD  RMS  errors  results  for  different  values  of 
the  GPS  receiver  antenna  amplifier  gain 


4.4.  Sensitivity  analysis  w.r.t.  GPS  satellite  out¬ 
ages 

As  indicated  previously,  the  nominal  performances  of 
our  GPS-based  OD  filter  have  been  obtained  under  the 
assumption  of  the  GPS  constellation  being  composed 
of  24  satellites,  all  of  them  operating  continuously.  It 
becomes  interesting  to  analyse  the  effect  on  the  filter 
performance  of  the  absence  of  one  or  more  GPS  satel¬ 
lites.  For  such  purpose  identical  simulations  have  been 
performed  and  one,  two  and  three  GPS  satellites  were 
considered  unavailable. 

Extensive  simulations  have  been  performed  for  the  1 
GPS  satellite  failure,  i.e.  24  simulations  have  been  per¬ 
formed  corresponding  to  a  single  failure  of  any  of  the 
GPS  satellites.  The  results  reveal  how  there  is  a  big 
sensitivity  of  the  achieved  orbit  determination  accuracy 
depending  on  which  is  the  GPS  satellite  failed.  Under 
worst  case  conditions,  failure  of  a  single  GPS  satellite 
can  degrade  the  OD  accuracy  by  a  factor  of  1.44.  The 
results  of  the  single  GPS  satellite  failure  simulations  al¬ 
lows  to  select  the  worst  case  for  2  and  3  GPS  satellites 
failures  as  those  which  disturb  more  seriously  the  OD 


performances  (note  that  the  number  of  possible  combi¬ 
nations  of  2  or  3  GPS  satellite  failures  is  huge  and 
therefore  we  have  not  explored  all  possible  combina¬ 
tions).  These  are  the  following: 

•  2  GPS  satellites  failed:  worst  case  is  failure  of 
GPS  satellites  numbers  2  and  9,  in  which  case  the 
OD  performances  are  degraded  by  a  factor  of  1.5 

•  3  GPS  satellites  failed:  worst  case  is  failure  of 
GPS  satellites  numbers  2,  9  and  16,  in  which  case 
the  OD  performances  are  degraded  by  a  factor  of 
1.7 
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ABSTRACT 

On  June  6,  1994,  the  US  Air  force  implemented  a  yaw 
bias  on  most  GPS  satellites.  By  January  1995  the 
implementation  was  extended  to  all  Block  II  satellites. 
The  yaw  bias  was  introduced  as  a  way  to  make  the  yaw 
attitude  of  the  GPS  satellites  modelable  during  shadow 
crossings.  A  yaw  attitude  model  was  written  to  simulate 
the  new  satellite  attitude  during  eclipse  seasons.  This 
model  was  made  freely  available  to  the  GPS  community. 
Proper  utilization  of  the  yaw  attitude  model  significantly 
improves  the  overall  accuracy  of  precise  positioning  with 
GPS,  Failure  to  account  for  the  new  attitude  model  could 
result  in  large  positioning  errors  due  to  the  mismodeling 
of  the  antenna  phase  center  of  the  GPS  satellite  and  of  the 
carrier  phase  wind-up.  After  6  months  experience  with  the 
biased  constellation  a  new  yaw  attitude  model  was  written 
that  is  more  efficient  and  accurate  than  the  first  model. 

In  this  paper  we  discuss  the  implementation  of  the  new 
attitude  model  in  JPL's  IGS  process  which  produces  daily 
GPS  orbits  of  the  highest  quality  .  The  design  of  the  new 
model  will  be  outlined,  as  well  as  guidelines  for  its 
implementation  in  POD  schemes.  The  experience  gained 
after  a  year  of  operations  with  the  yaw-biased  GPS 
constellation  will  be  analyzed  to  evaluate  the  performance 
of  the  attitude  models  and  assess  optimal  estimation 


strategies  based  on  the  observed  variability  of  the  relevant 
parameters.  Finally,  we  will  discuss  operational  aspects  of 
implementing  the  new  model. 

INTRODUCTION 

On  June  6,  1994,  the  US  Air  Force  implemented  a  yaw 
bias  on  most  GPS  satellites.  By  January  1995  the 
implementation  was  extended  to  all  the  satellites  except 
SVNIO.  The  yaw  bias  was  introduced  as  a  way  to  make 
the  yaw  attitude  of  the  GPS  satellites  modelable  during 
shadow  crossings  (Bar-Sever  et  al.,  1995).  The  yaw 
attitude  of  a  biased  GPS  satellite  during  eclipse  seasons  is 
markedly  different  from  the  yaw  attitude  of  a  non-eclipsing 
satellite,  or  from  that  of  an  unbiased  satellite.  The  yaw 
attitude  of  the  GPS  satellite  has  a  profound  effect  on 
precise  geodetic  and  space  applications.  This  required  the 
development  of  a  special  attitude  model  for  biased  GPS 
satellites.  In  addition  to  the  yaw  bias  effects,  that  model 
also  corrected  other  mismodeling  that  existed  in  the  old 
model,  namely,  that  of  the  "noon  turn". 

The  first  attitude  model  written  for  the  biased 
constellation,  named  GYM94  (for  "GPS  Yaw  attitude 
Model  -  94"),  was  made  freely  available  to  the  GPS 
community  in  the  form  of  a  collection  of  FORTRAN 
routines  (Bar-Sever,  1994).  GYM94  was  implemented  in 
JPL's  GIPSY  software  and,  in  various  forms,  in  other 
high-precision  geodetic  packages.  A  second  generation 
model,  GYM95,  replaced  GYM94  in  GIPSY  in  early 
1995.  The  design  of  the  new  model  is  outlined  below. 

More  than  a  year  after  the  implementation  of  the  yaw 
bias,  it  is  time  to  evaluate  the  success  of  this  endeavor  and 
to  review  its  operational  aspects.  This  is  not  an  easy  task 
since  the  biased  and  the  unbiased  constellations  do  not 
exist  side  by  side  and  cannot  be  compared  directly.  Some 
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preliminary  results  have  already  indicated  significant 
improvement  in  precise  geodetic  and  space  applications 
(Bar-Sever  et  al.,  1995)  but  only  now  we  possess  enough 
data  to  have  meaningful  statistical  comparisons  between 
the  performance  of  the  biased  and  the  unbiased 
constellations.  Some  of  these  statistical  comparisons  are 
reported  in  this  paper.  Also  demonstrated  here  is  the 
critical  dependence  of  the  yaw  attitude  model  on  the  yaw 
rate  parameter  and  the  need  either  to  estimate  this 
parameter  or  to  use  a  good  a-priori  value.  This  will  lead  us 
to  a  discussion  of  the  operational  aspects  of  the  biased 
constellation  and  to  propose  a  simplification  of  these 
operations. 

THE  NEW  YAW  ATTITUDE  MODEL 
(GYM95) 

The  analysis  that  led  to  the  implementation  of  the  yaw 
bias  on  GPS  satellites  is  described  in  Bar-Sever  et  al. 
(1995).  A  general  description  of  the  first  yaw  attitude 
model  (GYM94)  can  also  be  found  there.  GYM94 
computed  the  satellite  yaw  angle  through  numerical 
integration  of  a  control  law.  Its  output  was  a  large  file 
containing  the  yaw  attitude  history  and,  optionally,  partial 
derivatives  of  the  yaw  attitude  with  respect  to  the  yaw  rate 
parameter.  This  file  could  later  be  interpolated  to  retrieve  a 
yaw  angle  at  the  requested  time.  This  process  required 
relatively  large  amounts  of  computer  memory  and  CPU 
time.  In  addition,  the  model’s  complex  control  law  -  a 
simulation  of  the  on-board  attitude  determination 
algorithm  did  not  allow  much  physical  insight  into  the 
problem  and  was  hard  to  tune.  To  overcome  all  these 
deficiencies  the  GYM95  model  was  created.  GYM95  is 
simple  enough  to  be  described  by  a  small  set  of  formulas, 
allowing  easy  implementation  in  different  computing 
environments.  Its  analytic  nature,  as  opposed  to  the 
numerical  nature  of  GYM94,  allows  queries  at  arbitrary 
time  points  with  great  savings  in  computer  resources. 
Finally,  it  allows  more  flexibility  in  tuning  and  adapting 
it  to  the  changing  conditions  of  the  GPS  constellation. 

The  yaw  attitude  of  a  GPS  satellite  can  be  divided  into 
four  regimes:  nominal  attitude,  shadow  crossing,  post¬ 
shadow  maneuver  and  noon  turn.  Shadow  crossing, 
together  with  the  post-shadow  maneuver  comprise  the 
"midnight  turn".  Most  of  the  time  (and  for  non-eclipsing 
satellites  all  the  time)  the  satellite  is  in  the  nominal 
attitude  regime.  The  post-shadow  maneuver  begins 
immediately  after  emerging  from  the  Earth's  shadow  and 
lasts  until  the  satellite  has  regained  it  nominal  attitude. 


This  phase  can  last  from  zero  to  40  minutes.  The  noon 
turn  maneuver  does  not  occur  until  the  beta  angle  goes 
below  about  5“  and  can  last  between  zero  and  40  minutes. 
During  each  regime  the  satellite  yaw  attitude  is  given  by  a 
simple  formula  with  the  main  parameters  being  the  time 
of  entry  to  the  regime  and  the  yaw  rate.  For  example, 
during  shadow  crossing  the  yaw  attitude,  'F,  is  given  by: 

=  "Fi  +  'Fi*(t  -  ti)  +  0.5*IRRI*SIGN(b)* 

(t  -  ti)2  for  t  <  ti  +  ti 

and 

'F  =  ^Fi  +  +  0.5*IRRI*SIGN(b)*ti2  + 

IRI*SIGN(b)*(t  -  tj  -  ti)  otherwise. 

b  is  the  yaw  bias,  R  is  the  maximal  yaw  rate,  RR  is  the 
yaw  rate  rate,  'Fj  is  the  yaw  angle  upon  shadow  entry, 
'F  i  is  the  yaw  rate  upon  shadow  entry  and  ti  is  the  time 
of  shadow  entry,  ti  is  the  spin-up/down  time  and  is  given 
by: 

ti  =  (IRI*SIGN(b)  -  ^i)/(IRRI*SIGN(b)). 

This  formula  expresses  the  simple  fact  that  during  shadow 
crossing  the  satellite  is  yawing  at  the  maximum  rate,  R. 
It  also  takes  into  account  the  transition  period,  ti,  from 
nominal  yaw  just  before  shadow  entry  to  maximal  yaw. 
This  transition  depends  on  the  sign  of  the  yaw  bias  and  on 
the  maximal  yaw  rate  rate,  RR.  As  discussed  below,  the 
Air  Force  is  maintaining  the  yaw  bias  such  that  the  sign 
of  the  bias  is  opposite  to  that  of  the  orbit's  beta  angle. 
This  requires  changing  the  sign  of  the  bias  twice  a  year 
when  the  orbit's  beta  angle  crosses  zero.  The  effect  of 
having  the  beta  angle  and  the  bias  of  opposite  sign  is  to 
reverse  the  yaw  direction  of  the  satellite  as  soon  as  it 
crosses  into  shadow.  The  satellite,  then,  spins  down  and 
then  spins  up  again  in  the  other  direction  until  it  reaches 
its  maximum  yaw  rate.  It  keeps  yawing  at  that  rate  until 
it  crosses  into  clear  again  and  reaquires  the  Sun  in  its 
sensors.  It  then  performs  the  quickest  maneuver  needed  to 
resume  nominal  attitude.  This  may  result  in  another  yaw 
rate  reversal.  The  satellite  usually  resumes  nominal 
attitude  within  30  minutes  after  shadow  exit.  Figures  1 
and  2  illustrate  the  two  types  of  yaw  maneuvers  of  a 
conventionally  biased  satellite  during  shadow  crossing.  A 
satellite  having  a  bias  with  the  same  sign  as  that  of  the 
beta  angle  will  spin  up  as  it  enters  into  shadow  instead  of 
reversing  its  sense  of  rotation. 
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THE  YAW  RATE  PARAMETER 

The  central  parameter  in  the  GPS  yaw  attitude  model  is 
the  satellite  maximal  yaw  rate  (Bar-Sever  et  aL,  1995). 
10%  Error  in  the  yaw  rate  value  will  lead  to  a  significant 
35“  error  in  yaw  attitude  during  long  shadow  events.  In 
order  to  minimize  yaw  rate  errors  they  are  being  routinely 
estimated  at  JPL  for  each  satellite  and  for  each  shadow 
event.  The  estimated  yaw  rate  is  treated  as  a  piece-wise 
constant  parameter  for  each  satellite.  The  parameter  value 
is  allowed  to  change  twice  per  revolution,  mid-way 
between  noon  and  midnight.  Since  a  small  error  in  the 
yaw  rate  can  cause  a  large  yaw  error  over  time  and  since 
our  a-priori  knowledge  of  the  yaw  rate  is  not  sufficiently 
accurate,  we  found  it  necessary  to  iterate  on  the  yaw  rate 
value.  JPL  routinely  publish  the  final  estimates  for  the 
yaw  rates.  They  are  available  as  daily  text  file  via 
anonymous  ftp  to  128.149.70.41,  directory 
’’pub/jpligsac”.  Due  to  a  software  bug,  yaw  rates  prior  to 
February  16,  1995,  are  not  available.  The  yaw  rates  were 
observed  to  be,  indeed,  both  satellite-dependent  and  time- 
dependent.  Most  users  of  the  new  yaw  attitude  model  are 
currently  not  estimating  the  yaw  rates  and,  instead,  treat 
them  as  constants  with  three  possible  values  that  were 
supplied  early  on  by  JPL.  These  values  are:  0.1137sec  for 
Block  II  satellites,  0.1037sec  for  Block  IIA  satellites  and 
0.087“/sec  for  those  Block  II  satellites  with  a  reaction 
wheel  failure  (SVNs  14,  16,  18,  19  and  20),  A  review  of 
the  estimated  midnight  yaw  rate  values  over  the  last  six 
months  (Figure  3)  reveals  that  the  three  a-priori  values 
need  to  be  corrected,  but  the  current  behavior  displayed  by 
the  estimated  yaw  rates  preclude  any  constant  value  from 
being  a  good  approximation  over  the  whole  eclipse 
season. 

The  most  striking  feature  in  Figure  3  is  the  discontinuity 
of  the  estimated  yaw  rates  in  the  middle  of  eclipse  season. 
This,  as  yet  unexplained  behavior,  is  exactly  correlated 
with  the  time  of  the  upload  of  a  new  yaw  bias  to  the 
satellite  attitude  control  system.  This  upload  occurs  twice 
per  year  at  the  middle  of  eclipse  season  for  each  satellite. 
Only  SVNs  22,  25  and  29  do  not  seem  to  suffer  from  a 
yaw  rate  jump,  but  only  SVNs  22  and  25  should  be 
considered  an  exception,  though,  because  SVN  29  does 
not  undergo  a  bias  switch. 


Figure  1.  An  illustration  of  a  typical  yaw  maneuver 
during  shadow  crossing  when  no  yaw  rate  reversal  is 
needed  upon  shadow  exit.  The  "ideal"  yaw  is  what  the 
satellite  would  have  done  if  it  could  see  the  Sun  and  it  is 
the  way  the  old  yaw  attitude  was  modeled. 


Figure  2.  Same  as  Figure  1  but  with  yaw  rate  reversal 
upon  shadow  exit. 
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Figure  3a.  Estimated  midnight  turn  yaw  rates  for  plane  A  satellites  between  March  and  August,  1995,  along  with  their  formal 
errors.  The  abscissa  scale  is  in  GPS  week  and  the  ordinate  scale  is  in  degrees/seconds. 
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PERFORMANCE  EVALUATION  OF  THE 
BIASED  CONSTELLATION 

Great  care  needs  to  be  exercised  when  comparing  the 
performance  of  the  GPS  prior  to  June  6,  1994  -  the 
unbiased  constellation,  to  that  of  the  current,  biased, 
constellation.  This  is  because  there  are  constant 
improvements  in  GPS  data  processing  and  it  is  hard  to 
isolate  the  effects  of  the  yaw  bias  on  observed 
improvements  in  the  quality  of  GPS-based  products. 
Nevertheless,  some  judgment  can  be  made  as  to  the 
success  of  yaw-biasing  the  constellation  by  comparing 
carefully-selected  statistics  from  before  and  after  the  yaw 
bias  implementation. 

One  useful  comparison  is  that  of  the  post-fit  residuals. 
This  measure  of  solution  quality  is  most  sensitive  to  the 
quality  of  the  modeling  and  to  the  number  of  degrees  of 
freedom  in  the  estimation  scheme.  The  most  important 
improvement  in  the  IGS  processing  at  JPL  in  the  past 
year  has  been  in  the  global  distribution  of  the  ground 
network.  Assuming  everything  else  is  kept  constant,  this 
should  have  little  effect  on  the  post- fit  residuals.  To 
further  isolate  the  yaw  bias  effects  we  will  only  compare 
post-fit  residuals  of  eclipsing  satellites  to  that  of  non¬ 
eclipsing  satellites.  Theoretically,  the  only  difference 
between  eclipsing  and  non-eclipsing  satellites  is  in  the 
modeling  of  their  navigation  signal. 


BEFORE 


AFTER 


Figure  4.  Comparison  of  post-fit  residuals  of  eclipsing 
and  non-eclipsing  satellites.  The  "after"  results  are  based 
on  the  JPL  IGS  products  from  June  18  to  July  27,  1995 
(Zumberge  &  Bertiger,  1995).  The  "before"  results  are 
based  on  reprocessing  data  from  January  8  to  February  27, 
1994  with  the  current  estimation  technique.  Roughly  the 
same  satellites  are  eclipsing  in  both  periods. 


Figure  4  demonstrates  that  we  are  now  doing  a  much 
better  job  in  modeling  eclipsing  satellites  than  before  the 
yaw  bias  was  implemented.  In  fact,  there  is  now  no 
evidence  for  any  mismodeling  of  eclipsing  satellites. 

It  is  not  clear,  though,  how  much  of  the  additional  data 
strength  suggested  by  the  improved  level  of  post-fit 
residuals  is  going  toward  improving  the  actual  products. 
The  GPS  orbits  themselves  are  one  such  product.  In  fact, 
observations  about  GPS  orbits  were  the  motivation  that 
led  to  the  study  of  the  yaw  attitude  problem  and  to  the 
implementation  of  the  yaw  bias.  A  good  measure  for  the 
quality  of  orbit  solutions  is  overlap  repeatabilities.  JPL’s 
daily  solutions  span  30  hours,  centered  on  noon  of  each 
day,  resulting  in  a  six-hour  overlap  between  consecutive 
days.  The  RMS  difference  between  the  two  daily  solutions 
during  this  overlap  period  is  indicative  of  the  quality  of 
the  orbit.  Figure  5,  from  1993,  shows  the  mean  of  the 
orbit  overlap  of  all  GPS  satellites  as  the  constellation  was 
in  transition  to  a  period  when  there  are  no  eclipsing 
satellites.  A  consistent  improvement  in  overlap 
repeatabilities  during  such  a  transition  was  typical  before 
the  bias  was  implemented,  suggesting  the  existence  of  a 
problem  in  modeling  eclipsing  satellites. 


Figure  5  Mean  daily  overlap  repeatability  of  all  GPS 
satellites  during  March  and  April,  1993,  when  the  GPS 
constellation  transitioned  in  and  out  of  a  period  when  no 
satellites  were  eclipsing. 


A  long-term  comparison  of  overlap  repeatabilities  clearly 
demonstrates  that  this  pattern  ceased  to  exist  immediately 
after  the  implementation  of  the  yaw  bias.  Figure  6  depicts 
weekly  averages  of  overlap  repeatabilities  of  all  GPS 
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satellites  from  January,  1994,  to  August,  1995.  The 
GYM94  model  was  implemented  in  JPL's  GIPSY 
software  in  September  1994  as  the  GPS  constellation  was 
emerging  out  of  a  period  when  all  satellites  were  in  the 
clear.  It  is  evident  from  Figure  6  that  from  then  on, 
periods  when  all  satellites  were  in  the  clear  are  no  longer 
local  minima  for  the  mean  orbit  repeatabilities, 
suggesting  that  the  mismodeling  of  satellites  during 
eclipse  seasons  no  longer  exist. 

A  more  direct  measure  of  the  improvement  to  orbits  of 
eclipsing  satellites  can  be  seen  from  Figure  7  which 
shows  that  after  the  yaw  bias  was  implemented  the  quality 
of  the  orbits  of  eclipsing  satellites  is  essentially  the  same 
as  that  of  non-eclipsing  satellites,  in  marked  contrast  to 
the  situation  before  the  implementation,  where  eclipsing 
orbit  were  18%  worse  off  than  non-eclipsing  satellites. 


Figure  7.  Same  as  Figure  4  but  for  orbit  overlaps 
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OPERATIONAL  ASPECTS  OF  THE  BIASED 
CONSTELLATION 

Except  for  SVN  29,  which  suffers  from  a  problem  that 
precludes  its  yaw  bias  from  being  changed,  The  Air  Force 
is  maintaining  the  yaw  bias  on  all  satellites  such  that  the 
sign  of  the  bias  is  opposite  the  sign  of  the  orbit's  beta 
angle.  This  requires  the  upload  of  a  new  yaw  bias  twice  a 
year  for  every  satellite.  This  upload  is  done  roughly  when 
the  orbit's  beta  angle  crosses  zero.  As  was  described 
earlier,  knowledge  of  the  sign  of  the  yaw  bias  is  critical 
for  proper  modeling  of  the  satellite  attitude.  Because  of 
operational  constraints,  the  exact  upload  time  is  not 
known  sufficiently  in  advance.  This,  and  the  lack  of 
formal  communications  channel  between  the  GPS 
operators  and  the  GPS-user  community  causes  delay  in  the 
dissemination  of  the  bias  switch  timing  information.  As  a 
result,  the  radiometric  signal  from  the  eclipsing  satellites 
is  often  mismodeled  during  a  few-day  period  around  the 
time  beta  angle  crosses  zero  (when  the  eclipse  period  is 
maximal). 


The  reason  behind  the  yaw  bias  switching  is  to  minimize 
the  time  it  takes  for  the  spacecraft  to  recover  nominal 
attitude  after  shadow  exit.  As  is  shown  bellow,  keeping 
the  sign  of  the  yaw  bias  opposite  to  that  of  the  beta  angle 
does  imply  faster  recovery  of  the  nominal  attitude  on 
average  -  but  only  by  a  very  small  margin.  Furthermore, 
it  will  be  argued  here  that  there  are  no  clear  benefits  to  be 
gained  from  a  quicker  recovery  of  the  nominal  attitude. 

A  simulation  was  performed  to  asses  the  time  needed  to 
recover  the  nominal  attitude  after  shadow  exit.  The 
recovery  time  is  equal  to  the  yaw  error  upon  shadow  exit, 
time  the  maximal  yaw  rate,  after  adjustment  is  made  to 
account  for  possible  reversing  of  the  yaw  rate  direction  and 
the  resulting  spin  down  and  spin  up  time.  The  yaw  error 
upon  shadow  exit  was  computed  as  a  function  of  the 
shadow  length,  where  account  has  been  taken  of  the  spin 
down  and  spin  up  time  after  shadow  entry  if  the  sign  of 
the  bias  is  opposite  that  of  the  beta  angle.  The  recovery 
time  was  computed  for  a  variety  of  realistic  yaw  rates  and 
for  all  possible  shadow  duration.  Two  cases  where 
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Figure  8.  Given  a  positive  beta  angle,  the  recovery  gain  is  the  difference  between  the  recovery  time 
with  yaw  bias  equal  to  -0.5"  and  the  recovery  time  with  yaw  bias  equal  to  +0.5".  The  recovery  time 
is  defined  as  the  time  from  shadow  exit  until  the  nominal  yaw  attitude  is  recovered. 
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Table  1 .  Seasonal  and  yearly  mean  values  of  the  recovery  gains  for  seven  realistic  yaw  rate  values. 

— i— 

Average  gain  over  half  a  year  (min)  -2.7 


Average  gain  over  a  year  (min)  - 1 A 

compared:  one  with  the  yaw  bias  and  beta  angle  having 
opposite  signs  (the  current  situation),  and  the  second  one 
is  with  the  yaw  bias  and  beta  angle  having  the  same  sign. 
The  difference  in  recovery  time  between  these  two  cases  is 
termed  here  "the  recovery  gain".  The  results  of  this 
comparison  are  presented  in  Figure  8.  The  recovery  gain  is 
seen  to  change  during  eclipse  season  and  it  attains  both 
positive  and  negative  values  for  every  choice  of  the  yaw 
rate.  This  suggests  that  the  figure  of  merit  should  be  the 
seasonal  average  of  the  recovery  gains.  These  averages  are 
presented  in  Table  1,  below.  It  can  be  seen  that  under  the 
most  favorable  conditions,  that  is,  satellites  with  yaw  rate 
of  about  1.1  deg/sec,  the  gain  in  recovery  time  is  just  4.1 
minutes.  For  the  more  commonly  observed  yaw  rate 
values  of  0.95  deg/sec  and  1.3  deg/sec  the  gain  is  about  3 
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and  2  minutes,  respectively.  For  the  five  slowly-spinning 
reaction-wheel  "cripples"  there  is  actually  a  negative  gain 
of  about  two  minutes.  Note  that  if  the  yaw  bias  remains 
unchanged  during  the  whole  year  then  half  the  time  it  will 
have  a  sign  opposite  to  that  of  the  beta  angle  and, 
consequently,  half  the  time  the  recovery  rate  will  be 
optimal  and  averaging  over  a  full  year  will  yield  recovery 
gains  that  are  smaller  than  2  minutes  in  the  most  extreme 
case. 

But  recovering  nominal  attitude  a  bit  sooner  or  later  has 
really  no  effect  on  the  functionality  of  the  spacecraft.  The 
only  concern  might  be  to  avoid  delay  in  the  resumption  of 
power  supply  from  the  solar  panels,  but  this  has  no 
relation  to  the  duration  of  the  attitude  recovery  time.  The 
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Figure  9.  Solar  panel  pitch  error  (left  ordinate)  and  current  supply  (right  ordinate)  immediately  after  shadow  exit,  during 
eclipse  season  in  1993.  The  origin  of  the  abscissa  scale  is  arbitrary.  This  satellite  was  yaw  biased. 


610 


reason  is  that  the  solar  panels  are  never  more  than  28 
degrees  in  error  upon  shadow  exit  and  the  average  error  is 
probably  much  smaller.  This  guarantees  sufficient  power 
supply  immediately  upon  shadow  exit.  Since  the  array 
pitch  rate  is  about  0.1  deg/sec,  optimal  power  supply  will 
resume  in  less  than  5  minutes,  regardless  of  any  yaw 
maneuver  the  satellite  is  undergoing.  These  facts  are 
evident  in  Figure  9  which  was  constructed  from  SVN  24 
telemetry  during  maximum  eclipse  -  a  worst  case  scenario. 
The  pitch  error  is  corrected  within  5  minutes  after  shadow 
exit  and  full  power  supply  is  available  1  minute  after 
shadow  exit. 

In  conclusion,  it  is  recommended  that  the  yaw  bias  on  all 
GPS  satellites  will  be  permanently  set  to  +0.5  (the 
unchangeable  value  on  SVN  29).  JPL  will  continue  to 
estimate  and  monitor  the  yaw  rates  of  all  GPS  satellite  in 
an  effort  to  publish  a  set  of  values  that  will  always  be 
accurate  enough  to  be  used  as  a-priori  for  precise  GPS 
applications. 


Message  Accuracy",  Senior  Editors:  B.W.  Parkinson, 
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ABSTRACT 

From  the  very  successful  TOPEX/POSEIDON  (T/P) 
oceanographic  satellite  mission,  it  has  been  demonstrated 
that  the  GPS  tracking  system  could  provide  better  than  3 
cm  radial  orbit  accuracy  using  the  GPS  dual-frequency 
carrier  phase  observable.  To  achieve  this  3  cm  T/P  orbit 
accuracy,  analysis  requires  precise  GPS  ephemerides, 
which  become  one  of  the  major  sources  of  error  for  the 
precise  T/P  positioning  using  this  data  type.  There  are  two 
approaches  to  obtain  the  precise  GPS  ephemeris:  1)  solve 
the  GPS  orbit  simultaneously  with  the  T/P  orbit,  and  2) 
fix  the  GPS  ephemeris  to  an  independent  determination. 


such  as  the  International  GPS  Service  for  Geodynamics 
(IGS).  For  the  simultaneous  solution  of  T/P  and  the  GPS 
constellation,  two  strategies  were  compared  in  terms  of 
forming  the  double-differenced  GPS  phase  measurement. 
If  the  explicit  double  differences  were  formed  between 
T/P  and  each  ground  station,  the  data  provides  continuous 
tracking  of  the  T/P  orbit,  while  the  coverage  for  a  GPS 
satellite  is  only  about  25-30%  of  the  orbit.  Adding  the 
double  differences  between  the  ground  stations,  even 
though  these  data  do  not  contain  T/P  orbit  information, 
allows  higher  coverage  for  GPS  orbit.  Also,  the  effect  of 
empirical  GPS  parameters  on  the  GPS  orbits  and  the  T/P 
orbit  was  investigated.  For  each  case,  the  resulting  GPS 
orbit  was  compared  to  the  IGS  GPS  ephemerides.  For  the 
case  where  the  GPS  orbits  were  fixed,  several  GPS  orbit 
related  parameters  were  adjusted  to  minimize  the  effect  of 
GPS  orbit  error  on  the  T/P  orbit. 


INTRODUCTION 

Since  the  successful  launch  of  T/P  in  August  1992,  this 
mission  has  presented  a  unique  opportunity  to  evaluate 
different  satellite  tracking  systems.  The  satellite  laser 
ranging  (SLR)  system  provides  very  accurate  slant  range 
information  during  short  intervals  (10-15  min).  However, 
there  exists  large  coverage  gaps  because  of  their 
incomplete  tracking.  The  DORIS  system  provides  more 
coverage  from  40-50  station  ground  network  using  a 
Doppler  measurement.  The  GPS  tracking  system  provides 
continuous  and  globally  dense  data  set  with  high  precision 
phase  measurement.  However,  the  GPS  orbits  are  a 
potential  error  source  for  the  T/P  orbit. 

Several  different  POD  approaches  were  proposed  for  the 
T/P  POD  using  GPS  measurement.  Those  include  1)  fully 
dynamic  approach  which  requires  precise  models  of  the 
forces  acting  on  T/P  and  GPS  satellites.  2)  the  reduced 
dynamic  approach  (Wu  et  al.,  1991)  which  uses  both 
geometric  and  dynamic  information  and  weighs  their 
relative  strength  by  solving  for  process  noise  accelerations 
in  the  T/P  force  model  to  absorb  dynamic  model  errors. 
For  both  approaches,  the  GPS  satellite’s  positions  are 
computed  using  a  fully  dynamic  approach.  In  this  paper, 
the  T/P  orbit  was  computed  using  a  fully  dynamic 
approach. 
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There  are  two  approaches  to  obtain  the  precise  GPS 
ephemeris  in  the  T/P  orbit  determination  using  GPS 
tracking  data.  One  is  to  solve  the  GPS  orbit 
simultaneously  with  the  T/P  orbit.  The  other  is  to  fix  the 
GPS  ephemeris  to  an  independent  determination. 

For  the  simultaneous  solution  of  T/P  and  the  GPS 
constellation,  two  strategies  were  compared  in  terms  of 
forming  the  double-differences.  If  the  explicit  double 
differences  were  formed  between  T/P  and  each  ground 
station,  this  data  provides  continuous  tracking  of  the  T/P 
orbit,  while  the  coverage  for  a  GPS  satellite  is  only  about 
25-30%  of  the  orbit.  Adding  the  double  differences 
between  the  ground  stations,  even  though  these  data  do 
not  contain  T/P  orbit  information,  allows  higher  coverage 
for  the  GPS  orbit.  The  GPS  orbit  accuracy  depends  not 
only  on  the  coverage  of  the  GPS  orbit,  but  also  on  the 
parameterizations  for  GPS.  The  effect  of  empirical 
parameters,  such  as  constant  along-track  parameters  (Ct) 
and  once  per  orbital  revolution  (1-cpr)  parameters,  on  the 
GPS  orbit  accuracy  was  investigated  for  the  different 
combinations  of  double-differences. 

Since  the  precise  orbit  determination  (POD)  of  GPS 
satellites  is  a  key  requirement  for  GPS-based  precise 
geodetic  applications,  much  effort  has  been  devoted  to 
improve  the  GPS  orbit  accuracy  for  geodetic  applications. 
After  establishing  globally  distributed  permanent  GPS 
tracking  sites  by  the  IGS,  the  GPS  orbits  are  routinely 
computed  with  the  estimated  accuracy  of  better  than  20 
cm  (Zumberge  et  al.,  1994).  Several  different  center’s  IGS 
orbits  were  used  for  T/P  orbit  computation  when  the  GPS 
orbits  were  fixed  to  independently  determined 
ephemerides.  For  this  case,  GPS  orbit  related 
measurement  parameters  were  introduced  to  minimize  the 
effect  of  GPS  orbit  error  on  the  T/P  orbit. 


The  T/P  standard  models  were  used  (Tapley  et  al.,  1994a; 
McCarthy,  1992)  as  the  reference  models.  The  JGM-3 
gravitational  model  (Tapley  et  al.,  1994b)  was  used  as  the 
reference  geopotential  field  (70x70  for  T/P;  12x12  for 
GPS).  The  T/P  tuned  ocean  tide  model  (Fanes,  1994)  was 
used  as  the  reference  ocean  tide  model.  The  GPS  non- 
gravitational  model  included  the  ROCK4T  radiation 
pressure  and  y-axis  force  (Fliegel  et  al.,  1992).  The  GPS 
station  coordinates  are  given  in  the  IFRS  Terrestrial 
Reference  Frame  (ITRF93).  The  SLR-derived  series  for 
Faith  polar  motion  and  UTl  were  used  as  the  Farth 
orientation  model.  (Fanes  and  Watkins,  1993).  More  in- 
depth  description  of  dynamic  and  measurement  models 
could  be  found  in  Schutz  et  al.,  1994. 

Two  approaches  of  obtaining  the  precise  GPS  ephemeris 
in  the  Topex  data  processing  were  investigated.  One 
resulted  from  adjusting  the  GPS  orbit  simultaneously  with 
the  T/P  orbit — denoted  as  “adjusted  GPS  case”.  The  other 
resulted  from  fixing  the  GPS  orbit  to  an  independent 
determination,  such  as  IGS — denoted  as  “fixed  GPS 
case”. 

For  the  IGS  data  and  adjusted  GPS  case  for  Topex  data, 
30  hour  arcs  were  used  to  get  the  middle  24  hour  orbits. 
The  epoch  state,  a  scale  factor  of  ROCK4  (Cj.),  and  15 
hour  y-bias  parameters  were  adjusted  for  each  GPS.  And 
these  estimated  and  y-bias  parameters  were  fixed  for 
the  case  when  empirical  parameters-30  hour  Q  and  1-cpr 
parameters  in  transverse  (T)  and  normal  (N)  directions- 
were  adjusted  for  GPS.  The  double-differenced  ambiguity 
parameters,  2.5  hour  zenith  delay  parameters,  and 
coordinates  of  selected  ground  stations  were  estimated  for 
every  cases.  The  epoch  state,  6  hour  Ct,  and  30  hour  1-cpr 
in  T  and  N  directions  were  adjusted  for  T/P.  For  the  fixed 
GPS  case,  1-day  arcs  were  used  instead  of  30  hour  arcs. 


DATA  SETS 

Two  types  of  double-differenced  GPS  phase  observations 
were  processed.  One  is  the  double-differenced  data 
between  ground  stations,  referred  to  as  IGS  data.  The 
other  is  the  double-differenced  data  between  a  ground 
station  and  the  T/P  satellite,  referred  to  as  Topex  data. 
Five  days  of  data  for  both  data  type  were  processed  from 
April  23,  1995,  which  corresponds  to  the  GPS  week  798, 
and  the  T/P  Cycle  96.  Twenty  four  GPS  satellites  from  32 
ground  stations  were  used  for  the  IGS  data,  while  from  24 
stations  were  used  for  the  Topex  data.  The  data  were 
sampled  at  2  min  interval  for  both  data  sets,  and  a  15'’ 
elevation  cut-off  applied  to  the  ground  GPS  receivers, 
while  the  data  above  the  T/P  local  horizon  were  used  for 
the  Topex  data. 


For  the  adjusted  GPS  case,  two  strategies  were  compared 
in  terms  of  forming  the  double-differenced  GPS  phase 
measurement.  One  is  to  process  only  the  double¬ 
differences  between  T/P  and  a  ground  station — denoted  as 
Case  A.  The  other  is  to  add  the  double-differences 
between  the  ground  stations  to  Case  A — denoted  as  Case 
B.  Also,  for  each  case,  empirical  parameters  for  GPS, 
such  as  Ct  and  1-cpr  parameters-denoted  as  (II),  were 
investigated  in  addition  to  the  y-bias  and  Cf  parameters- 
denoted  as  (I)--to  evaluate  the  effect  of  these  parameters 
on  GPS  orbit  accuracy. 

For  the  fixed  GPS  case,  the  orbit  element  correction 
parameters  were  introduced  as  the  measurement 
parameters  to  reduce  the  effect  of  GPS  orbit  errors  on  the 
T/P  orbit.  Those  errors  were  modeled  as, 


SOLUTION  STRATEGIES 


where 


^  3p 

pnew  -  p  +  y  - - 

i=idoei 


8oei 
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pnew  =  corrected  station-GPS  or  GPS-T/P  range 
p  =  uncorrected  station-GPS  or  GPS-T/P  range 
oei  =  i-th  orbit  element 
8oei  =  e-th  orbit  element  correction  parameter 

Four  orbit  element  correction  parameters  were  estimated 
with  a  tight  constraint  for  each  GPS  orbit  pass,  while  the 
semi-major  axis  and  the  mean  anomaly  were  fixed. 

GPS  ORBIT  COMPARISON 

To  evaluate  the  GPS  orbit  solutions  for  the  adjusted  GPS 
cases,  the  GPS  orbit  solutions  were  compared  with  the 
JPL-IGS  orbits  (Zumberge  et  al.,  1993).  The  mean  orbit 
repeatability-mean  of  6  hour  orbit  overlap  differences-for 
the  JPL’s  orbit  solution  for  GPS  week  798  was  15.7  cm. 

Table  1  summarizes  GPS  orbit  comparisons  with  the  JPL- 
IGS  ephemeris.  Case  A  (I),  where  only  station-T/P 
double-differenced  data  were  processed  using  nominal 
GPS  parameters,  showed  the  largest  orbit  difference  of  33 
cm  in  3D  RSS.  CSR  (I)  case,  where  only  station-station 
double-differenced  data  were  processed,  had  better 
agreement  of  29  cm.  This  was  expected  because  of  the 
reduced  coverage  of  the  GPS  orbit  for  the  station-T/P 
double-differenced  data.  Case  B  (I),  where  the  station-T/P 
and  station-station  double-differenced  data  were 
combined,  demonstrated  the  least  difference  of  23  cm  for 
the  nominal  GPS  parameterization  of  y-bias  and  Cf.  This 
suggests  that  by  adding  station-T/P  double-differenced 
data  to  the  station-station  double-differenced  data,  the 
GPS  orbit  accuracy  could  be  improved,  especially  in  T 
and  N  components. 

It  was  demonstrated  that  the  empirical  parameters  for  GPS 
contributed  in  reducing  the  orbit  difference  with  JPL-IGS 
ephemeris.  CSR  (II)  case,  where  the  empirical  parameters 
were  estimated  for  GPS,  reduced  the  transverse  difference 
by  4  cm,  and  3cm  in  3D  RSS,  comparing  with  CSR  (I) 
case,  where  the  nominal  GPS  parameters  were  adjusted.  7 
cm  and  4  cm  improvements  in  the  3D  RSS  orbit 
difference  were  achieved  by  employing  the  empirical 
parameters  for  Case  A  and  Case  B,  respectively.  It  is 
interesting  to  note  that  the  GPS  orbit  solutions  for  CSR 
(II)  and  Case  A  (II)  had  the  similar  level  of  orbit 
differences  against  JPL-IGS  orbits.  Now,  the  GPS  orbit 
difference  became  less  than  20  cm  for  Case  B  (II),  where 
the  station-station  and  station-T/P  double-differenced  data 
were  combined,  and  the  empirical  GPS  parameters  were 
adjusted. 

TOPEX  ORBIT  COMPARISON 

The  T/P  orbit  solutions  were  compared  with  the  JPL’s 
reduced  dynamic  solution  (Bertiger  et  al.,  1994).  Since  the 
reduced  dynamic  solution  is  less  sensitive  to  dynamic 


model  errors,  this  orbit  is  considered  to  be  a  useful 
comparison  orbit. 

Adjusted  GPS  Case 

Table  2  summarizes  T/P  orbit  comparisons  with  the  JPL’s 
reduced  dynamic  solution  for  adjusted  GPS  cases.  The 
orbit  difference  in  3D  RSS  marginally  reduced  by  mixing 
the  station-station  double-differened  tota  with  the  station- 
T/P  double-differenced  data  when  the  nominal  GPS 
parameters  were  estimated.  The  difference  in  the  radial 
(R)  component,  however,  increased  by  2  mm,  while  the 
difference  in  N  component  decreased  about  7  mm.  When 
the  empirical  GPS  parameters  were  adjusted,  the  3D  RSS 
difference  decreased  by  6  nun  by  combining  the  station- 
station  and  the  station-T/P  double-differenced  data.  Note 
that  the  difference  in  R  component  was  not  affected,  while 
3  mm  and  7  mm  improvement  occurred  in  the  orbit 
agreement  in  T  and  N  components. 

It  is  evident  that  estimating  empirical  GPS  parameters 
helps  in  reducing  the  T/P  orbit  difference  against  the 
JPL’s  reduced  dynamic  solution.  For  the  station-T/P 
double-differenced  data,  2  mm,  6  mm,  and  2  mm 
reduction  in  RTN  orbit  difference,  respectively,  was 
demonstrated.  For  the  mixed  double-differenced  data, 
there  were  4  mm,  8  mm,  and  2  mm  decreases  in  RTN 
orbit  difference.  Now,  the  T/P  orbit  difference  became  5.2 
cm  in  3D  RSS  for  Case  B  (II),  where  the  mixed  double- 
differenced  data  were  processed  with  empirical  GPS 
parameters. 

Fixed  GPS  Case 

For  the  fixed  GPS  case,  the  GPS  ephemeris  from  four 
different  IGS  centers  were  tested,  along  with  the  CSR  (I) 
and  CSR  (II)  solutions.  Those  IGS  centers  were:  1)  JPL, 

2)  Astronomical  Institute,  University  of  Berne  (CODE), 

3)  GeoForschungsZentrum  (GFZ),  and  4)  Scripps 
Institution  of  Oceanography,  University  of  California,  San 
Diego  (SIO). 

Table  3a  summarizes  T/P  orbit  comparisons  with  JPL’s 
reduced-dynamic  orbit,  when  the  GPS  orbit  was  fixed  to 
solutions  from  different  centers.  Since  the  only  difference 
in  these  cases  is  the  GPS  ephemeris,  it  serves  as  an 
indirect  way  of  evaluating  the  quality  of  GPS  orbit 
solutions.  JPL’s  ephemeris  generated  T/P  orbit,  which 
agreed  the  best  with  JPL’s  reduced-dynamic  orbit-1 .7  cm, 
4.7  cm,  and  2.4  cm  in  RTN  components,  respectively,  and 
5.5  cm  in  3D  RSS.  This  agreement  is  better  than  most  of 
the  adjusted  GPS  cases,  except  Case  B  (II).  SIO’s  orbit 
resulted  T/P  orbit,  which  differed  the  most  with  JPL’s 
reduced-dynamic  orbit— 4.1  cm,  9.3  cm,  and  3.5  cm  in 
RTN  components,  respectively,  and  10.7  cm  in  3D  RSS. 
The  other  center’s  IGS  orbits  performed  nicely  to  generate 
T/P  orbits,  which  agreed  with  the  JPL’s  reduced-dynamic 
orbit  at  2-2.4  cm  level  in  R  component,  5.2-6.6  cm  in  T 
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component,  2.7-3 .2  cm  in  N  component,  and  62-11  cm 
in  3D  RSS.  Comparison  of  CSR  (I)  and  CSR  (II)  cases 
shows  the  effect  of  the  empirical  GPS  parameters  on  the 
T/P  orbit  for  the  fixed  GPS  case-4  mm,  7  mm,  and  2  mm 
in  RTN  components,  respectively,  and  8  mm  in  3D  RSS. 

In  Table  3b,  T/P  orbit  comparisons  with  the  JPL’s 
reduced-dynamic  orbit  were  summarized  when  the  orbit 
element  correction  parameters  were  adjusted  for  the  fixed 
GPS  cases.  It  is  evident  from  this  table  that  the  T/P  orbit 
accuracy  approached  to  a  certain  level  no  matter  which 
center’s  GPS  orbit  was  used.  The  orbit  difference  ranged 
1.7-1. 8  cm,  4.3-5. 3  cm,  and  22-21  cm  in  RTN 
components,  respectively,  and  5. 1-6.2  cm  in  3D  RSS. 
Even  SIO's  ephemeris  generated  T/P  orbit  which  had 
commensurate  radial  accuracy  with  those  generated  by 
fixing  to  other  center’s  GPS  ephemeris.  Note  also  that 
these  agreements  with  the  JPL’s  reduced-dynamic  orbit 
were  better  for  most  cases  than  those  for  the  adjusted  GPS 
cases. 

CONCLUSIONS 

When  the  T/P  orbit  is  determined  by  processing  the  GPS 
phase  observable,  the  GPS  orbit  should  be  determined 
either  by  adjusting  the  GPS  orbit  with  the  T/P  orbit,  or  by 
fixing  it  to  independently  determined  precise  orbit.  For 
the  adjusted  GPS  case,  the  empirical  GPS  parameters, 
such  as  Ct  and  1-cpr  parameters,  played  an  important  role 
in  improving  the  GPS  orbit  accuracy,  which,  in  turn, 
reduced  the  effect  of  GPS  orbit  error  on  the  resulting  T/P 
orbit.  For  the  double-differenced  GPS  measurement, 
mixing  the  station-T/P  double-differences  with  the 
station-station  double-differences  provided  better  GPS 
orbit  coverage,  which  resulted  in  improved  GPS  orbit 
solutions.  However,  the  improvement  in  the  T/P  orbit  was 
marginal.  For  the  fixed  GPS  case,  the  T/P  orbit  accuracy 
varied  depending  on  the  quality  of  GPS  orbits.  By 
employing  the  orbit  element  correction  parameters  for 
fixed  GPS  case,  T/P  orbit  accuracy  improved,  and  these 
parameters  somewhat  desensitize  the  effect  of  GPS  orbit 
error  on  the  T/P  orbit. 
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Table  1.  GPS  Orbit  Comparison  with  JPL*s  IGS  Orbit  (cm) 


Cases 

Radial 

Transverse 

Normal 

RSS 

mean 

mean 

RMS 

mean 

RMS 

CSR(I) 

1.89 

8.59 

6.65 

14.37 

28.77 

csR(n) 

1.31 

7.15 

19.33 

1.85 

14.97 

25.47 

Case  A  (0 

1.89 

6.26 

25.32 

2.65 

17.53 

32.54 

Case  A  (II) 

0.96 

7.72 

5.56 

18.72 

2.89 

16.04 

25.83 

CaseB  (I) 

3.41 

5.84 

18.15 

2.19 

10.87 

22.99 

Case  B  (II) 

2.93 

8.24 

5.67 

10.14 

19.06 

Table  2.  Topex  Orbit  Comparison  with  JPL*s  reduced-dynamic  Orbit 
Adjusted  GPS  case  (cm) 


Ciises 

DDrms 

Radial 

Transverse 

Normal 

RSS 

mean 

RMS 

mean 

RMS 

mean 

RMS 

1.92 

5.01 

3.47 

6.39 

1.73 

4.45 

3.26 

5.78 

2.11 

4.96 

2.79 

6.07 

mWmm 

1.38 

HulSHI 

1.73 

0.77 

4.18 

2.57 

5.20 

Table  3a.  Topex  Orbit  Comparison  with  JPL’s  reduced-dynamic  Orbit 
Fixed  GPS  case-iio  orbit  element  correction  parameters  (cm) 


Oibits 

DDnns 

Radial 

Transverse 

Normal 

RSS 

mean 

RMS 

mean 

RMS 

mean 

RMS 

JPL 

1.47 

-0.22 

MSSM 

4.66 

-0.23 

2.36 

5.49 

CODE 

1.94 

0.16 

2.31 

5.92 

-0.26 

2.42 

6.80 

GFZ 

2.16 

2.24 

1.50 

6.63 

-0.31 

3.23 

7.71 

SIO 

2.80 

0.11 

4.05 

0.42 

9.31 

-0.15 

3.46 

10.73 

CSR(I) 

2.29 

2.42 

0.81 

5.87 

-0.19 

2.93 

6.99 

CSR(II) 

2.11 

0.14 

0.83 

5.17 

-0.21 

2.71 

6.18 

Table  3b.  Topex  Orbit  Comparison  with  JPL*s  reduced-dynamic  Orbit 
Fixed  GPS  case-with  orbit  element  correction  parameters  (cm) 


Orbits 

DDrms 

Radial 

Transverse 

Normal 

RSS 

mean 

RMS 

mean 

RMS 

JPL 

1.03 

4.37 

2.31 

5.25 

CODE 

1.05 

mSsU 

4.29 

2.54 

5.27 

GFZ 

1.06 

4.16 

-0.22 

2.42 

5.10 

SIO 

1.08 

ns 

0.86 

5.27 

-0.19 

2.67 

6.16 

CSR® 

1.05 

0.18 

1.78 

0.62 

4.54 

-0.19 

2.43 

5.45 

CSR(II) 

1.05 

0.18 

1.79 

0.53 

4.35 

-0.20 

2.21 

5.20 
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ABSTRACT 

A  GPS  Tracking  and  Data  Analysis  Facility  (GPS- 
TDAF)  has  been  operating  now  for  three  years  at  the 
European  Space  Operations  Centre  (ESOC).  This 
facility  was  developed  in  order  to  support  future  ESA 
projects  that  involve  GPS. 

The  GPS-TDAF  has  been  used  for  our  participation  in 
the  International  GPS  Service  for  Geodynamics,  as 
both  Operational  Data  Centre  and  Analysis  Centre, 
from  the  start  of  the  IGS.  ESOC  is  currently  providing 
GPS  tracking  data  from  5  ESA  ground  stations,  precise 
orbits,  precise  clocks,  earth  orientation  parameters 
(eop’s)  and  station  coordinate  solutions. 

ESOC  is  especially  interested  in  the  use  of  GPS  for 
satelUte  orbit  determination.  In  this  context  we  have 
analyzed  GPS  data  from  two  very  different  satellites. 


Topex/Poseidon  and  Astrospas.  With  the  Topex/ 
Poseidon  data  we  have  obtained  orbits  that  could  be 
used  to  support  applications  that  require  a  very  precise 
orbit  (e.g.  altimeter).  The  Astrospas  data  do  not  have 
the  same  quality,  but  is  of  high  interest  because  it  is 
closer  to  the  kind  of  data  that  will  have  to  be  processed 
in  some  missions  that  will  use  GPS  for  automated 
navigation  and  rendezvous. 

The  ESOC  approach  to  GPS  data  analysis  is  presented, 
together  with  the  last  results  obtained  for  the  different 
applications. 

INTRODUCTION 

The  Near  Earth  Navigation  and  Geodesy  Section  of 
ESOC  was  established  to  perform  the  orbit 
determination  and  other  navigation  tasks  needed  for  a 
series  of  Near  Earth  satellites  of  the  European  Space 
Agency.  It  was  foreseen  that  some  of  these  satelhtes 
would  have  very  demanding  orbit  determination 
accuracy  requirements.  Navigation  software  was 
developed  to  include  all  the  measurement  types  needed 
for  precise  and  operational  orbit  determination.  The 
software  has  been  used  to  its  full  capabilities  with  the 
ERS-1  and  ERS-2  satellites,  that  had  stringent  orbit 
determination  accuracy  requirements  to  allow  for  the 
full  utilization  of  the  altimetry  data  (Ref.  1). 

When  the  software  was  first  developed  it  was  required 
that  it  be  able  to  process  the  most  important  tracking 
measurements  at  that  time:  microwave  ranging,  laser 
ranging,  and  altimetry.  As  time  passed  new  tracking 
methods  for  Near  Earth  satellites  have  been  developed: 
GPS,  DORIS  and  PRARE.  These  tracking  types  have 
also  been  incorporated  into  the  software.  PRARE  data 
from  Meteor-3  was  successfully  processed  at  our 
section  (Ref.  2)  and  we  are  now  ready  to  process  ERS- 
2  data  as  soon  as  it  is  available.  DORIS  will  be  used  by 
Envisat  and  we  have  already  processed  data  from  the 
Topex/Poseidon  satellite  (Ref.  3).  GPS  is  foreseen  for 
In  Orbit  Infrastructure  applications  like  ARP  and  ATV 
and  for  use  in  small  Earth  Observation  satellites. 
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We  started  our  GPS  activities  with  the  processing  of 
GIG-91  data  (Ref.  4).  The  orbit  and  geometric 
parameter  estimation  software  had  to  be  adapted  to 
accommodate  the  measurement  types  and  processing 
techniques  needed  for  GPS.  This  started  the 
development  of  the  ESA  GPS  Tracking  and  Data 
Analysis  Facility  (GPS-TDAF),  that  includes  not  only 
the  data  analysis  system  but  also  a  number  of  GPS 
receivers  at  ESA  ground  stations  and  the  associated 
communications  and  control  software  and  hardware. 
This  paper  describes  the  ESA  GPS  TDAF  and  the  orbit 
determination  activities  that  have  been  performed 
using  the  facility. 

The  ESA  GPS-TDAF 

The  ESA  GPS  Tracking  and  Data  Analysis  Facihty 
started  as  an  extension  of  our  Precise  Orbit 
Determination  Facility  (Ref.  5)  to  incorporate  GPS 
measurement  types.  The  first  opportunity  to  analyze 
GPS  data  came  with  the  GIG-91  campaign  and  it  was 
clear  that  an  extensive  effort  was  needed  in  order  to 
preprocess  the  data  before  it  could  be  fed  into  our 
existing  orbit  determination  software. 

Our  orbit  determination  software  is  optimized  for  its 
most  important  use,  that  is  operational  orbit 
determination  and  prediction.  A  typical  case  of  this  is 
the  routine  orbit  determination  for  the  ERS-1  and  ERS- 
2  satellites.  These  satellites  are  routinely  tracked  by 
only  one  ground  station,  Kiruna,  with  about  10  passes 
per  day  of  some  minutes.  The  need  to  obtain  a  precise 
orbit  with  sparse  tracking  data  and  the  need  to  be  able 
to  accurately  propagate  it  so  that  it  can  be  used  for  the 
scheduling  of  instruments  and  ground  station 
operations  were  important  for  the  selection  of  the 
estimation  algorithm  and  force  modelling.  A  batch 
least-squares  was  selected,  with  acceleration  modelling 
based  on  state  of  the  art  dynamic  models. 

When  GPS  observables  had  to  be  incorporated  in  the 
software,  those  suited  for  batch  estimators  were  used. 
Our  best  results  have  been  obtained  using  double 
differences  of  ionospheric  free  carrier  phase  and  we 
have  also  implemented  double  difference  pseudo¬ 
ranges.  These  measurement  types  have  been 
implemented  for  pairs  of  ground  stations,  in  order  to 
improve  the  GPS  satellite  orbits  or  for  geodesy,  and  for 
orbiting  leceiver/ground  station  pairs,  in  order  to  obtain 
precise  orbits  of  the  satellite  carrying  the  GPS  receiver. 

GPS  preprocessing  software  was  needed  to  convert  the 
basic  GPS  observables  to  double  difference 
observables.  A  cycle  slip  algorithm  based  on  integer 
almost  ionospheric  free  combinations  was 
implemented  and  also  an  algorithm  to  select  a  set  of 
independent  double  difference  combinations.  Antenna 
phase  center  and  center  of  mass  corrections  were  also 


included  in  the  preprocessing  software. 

Post-processing  software  had  also  to  be  adapted  for  the 
GPS  measurements.  The  most  important  part  is  the 
multi-arc  orbit  and  geodetic  parameter  estimation 
software  that  has  been  used  to  obtain  station 
coordinates  solutions  (Ref.  6).  A  completely  new 
development  was  needed  in  order  to  obtain  precise 
clock  bias  values  (Ref.  7).  These  were  estimated  in 
post-processing  using  the  estimated  orbits  and 
correction  parameters  obtained  processing  double 
differences. 

A  simultaneous  development  to  that  of  the  analysis 
software  was  the  deployment  of  high  precision 
geodetic  GPS  receivers  at  the  ESA  ground  stations. 
Receivers  have  been  installed  and  are  operating  in 
Maspalomas  (Canary  Islands,  Spain),  Kourou  (French 
Guyana),  Kiruna  (Sweden),  Perth  (Austraha)  and 
Villafranca  (Spain)  (Fig.  1).  The  reasons  for  installing 
this  GPS  network  were: 

-  To  be  able  to  obtain  near-real-time  GPS  data  to 
support  operational  and  precise  orbit  determination  of 
satellites  equipped  with  GPS  receivers. 

-  To  be  able  to  compute  local  ionospheric  models  using 
dual  frequency  GPS  data  to  correct  one  frequency 
microwave  ranging  data. 

-  To  be  able  to  accurately  determine  the  positions  of  the 
stations  in  a  global  reference  frame. 

These  GPS  receivers  are  remotely  controlled  fi’om 
ESOC.  Highly  automated  controlling  and 
communications  software  had  to  be  developed  to 
minimize  both  on-site  support  and  operator 
intervention. 

Participation  in  the  International  GPS  Service  for 
Geodynainics 

Having  participated  in  some  of  the  early  discussions 
concerning  the  establishment  of  an  operational  service 
for  generation  of  high  precision  GPS  orbit  parameters, 
a  proposal  was  submitted  by  ESOC  in  May  1991  in 
response  to  the  call  for  participation  issued  by  the 


620 


International  Association  of  Geodesy/Intemational 
Union  of  Geodesy  and  Geodynamics  (lAG/IUGG). 
Our  proposal  was  based  on  two  starting  points  which 
could  provide  a  significant  contribution  to  the 
development  of  such  a  service: 

-  the  existence  of  a  network  of  globally  distributed 
ESA  ground  stations,  already  equipped  with 
communications,  atomic  standard  timing  systems  and 
other  relevant  infrastructure. 

-  a  state-of-the-art  orbit  and  geodetic  determination 
software  that  allowed  for  consistent  processing  of 
different  types  of  geodetic  satellite  data  (in  particular 
SLR  and  GPS). 

Our  first  solutions  for  orbital  and  polar  motion 
parameters  were  transmitted  to  the  IGS  about  one 
month  after  the  start  of  the  IGS-92  campaign.  ESOC 
continued  to  process  IGS  data  after  the  decision  to 
continue  the  IGS  activity  in  the  form  of  an  ‘IGS  Pilot 
Service”  and  from  1  January  1994  as  an  operational 
service  (Ref.  8). 

We  are  now  operating  our  five  GPS  receivers  as  IGS 
stations.  ESOC  acts  as  the  Operational  Data  Centre  for 
these  receivers,  retrieving  the  data  and  delivering  them 
to  the  designated  IGS  Data  Centres.  We  are  also 
contributing  as  Analysis  Centre,  processing  data  from 
about  50  IGS  stations  to  obtain  high  accuracy  GPS 
daily  products,  with  a  delay  of  less  than  10  days. 

The  data  and  products  that  we  provide  are  the 
following: 

-  RINEX  observation  files,  containing  dual  frequency 
phase  and  pseudo-range  data  at  30  seconds  intervals 
from  our  five  ground  stations. 

-  Improved  GPS  satellite  orbits,  with  an  accuracy 
estimated  to  be  of  about  15  cm  per  axis. 

-  Improved  earth  orientation  parameters  (eop),  with 
accuracy  at  the  level  of  0.3-0.4  milliarcsec. 

-  Precise  GPS  satellite  clock  biases,  with  accuracies  in 
the  nanosecond  range. 

-  Station  coordinate  solutions  with  accuracies  in  the  cm 
range,  with  the  last  submission  in  the  form  of  a  full 
covariance  matrix  for  position  and  velocity  estimates. 

The  orbit  and  clock  solutions  provided  by  the  different 
IGS  Analysis  Centers  are  used  to  compute  a  combined 
IGS  solution  (Ref.  9)  that  is  being  widely  used  for 
applications  (geodetic  and  other)  for  which  accurate 
GPS  orbits  are  needed. 

Our  clock  bias  estimates  have  also  being  used  for  time 
transfer  experiments  such  as  the  one  described  by  Tor 
Melgaard  in  these  proceedings. 

Topex/Poseidon  GPS  data  analysis 
Topex/Poseidon  has  been  a  satellite  of  unique 


importance  for  the  evaluation  of  on-board  GPS.  It 
carries  a  high  precision  dual-frequency  receiver 
producing  long  cycle-slip  free  carrier  phase  passes  as 
well  as  P-code  pseudo-range  measurements.  It  was 
launched  when  the  GPS  constellation  was  almost 
complete  and  when  the  IGS  network  of  high  precision 
receivers  had  started  to  provide  globally  distributed 
tracking  data. 

As  a  high  precision  altimetry  mission,  very  accurate 
orbit  determination  was  vital  to  its  success.  The 
satellite  was  equipped  with  several  tracking  systems: 
laser  ranging  retroreflectors  (SLR),  a  doppler  receiver 
(DORIS),  and  an  experimental  GPS  receiver.  This  has 
made  Topex/Poseidon  a  veritable  precise  orbit 
determination  laboratory  that  allows  the  inter¬ 
comparison  of  the  three  tracking  techniques. 

As  the  ESOC  precise  orbit  determination  system 
adopts  a  fully  dynamic  approach,  the  high  accuracy 
expected  for  Topex/Poseidon  required  the  best  possible 
force  models  and  an  accurate  reconstitution  of  the 
attitude  of  the  satellite,  in  order  to  compute  surface 
forces  and  to  correct  measurements  for  centre  of  mass 
offset. 

The  force  models  used  in  the  processing  of  the  data 
were  (Ref.  3): 

-  The  JGM-2  (70x70)  gravity  model,  that  was  specially 
developed  to  support  this  mission  (Ref.  10). 

-  MSIS  air  density  model  combined  with  a  variable 
area  model  based  on  a  geometric  description  of  the 
spacecraft  as  a  composite  of  simple  geometric  bodies 
(Fig.  2),  with  surface  properties  provided  by  the  Topex/ 
Poseidon  Macro-Model  (Ref.  1 1). 

-  Lunisolar  perturbations. 

-  Solid  Earth  tides  (Wahr’s  model). 

-  Extended  Schwiderski  ocean  tides. 

-  Solar  radiation  pressure  using  the  spacecraft  model 
already  described, 

-  One  cycle  per  revolution  empirical  forces  (transverse 


Figure  2.  Topex/Poseidon  spacecraft  model  used 
to  compute  surface  forces 
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GPS  orbits  (1)  before  and  (2)  after  Helmert 
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and  normal). 

The  reconstitution  of  the  attitude  of  the  satellite  was 
needed  in  order  to  calculate  surface  forces  and  centre 
of  mass  corrections.  Topex/Poseidon  is  a  three  axis 
stabihzed  satellite  with  the  radar  altimeter  constantly 
pointing  downwards  normal  to  a  reference  ellipsoid.  In 
order  to  maintain  the  solar  panel  facing  the  sun,  a 
sophisticated  attitude  law  consisting  of  a  combination 
of  yaw  steering  about  the  local  vertical  and  solar  array 
pitching  about  its  axis  has  been  devised  (Ref.  11).  The 
different  regimes  of  the  attitude  law  and  the  transition 
modes  were  implemented  in  the  software. 

Other  orbit  determination  modelling,  including  the 
definition  of  the  reference  frames,  was  done  in 
consistency  with  the  lERS  Standards  of  1992  (Ref.  12). 

A  10-day  period  (repeat  cycle  21)  was  selected  for  the 
analysis  of  the  orbit  restitution  capabihty  of  the  three 
techniques:  SLR,  DORIS,  and  GPS,  although  longer 
intervals  were  processed  for  SLR  and  DORIS  data. 

The  SLR  tracking  for  the  period  was  about  20  passes 
per  day.  with  a  total  of  22  stations  performing  some 
tracking  in  the  10-day  period.  The  geographical 
distribution  of  the  data  shows  that  76%  of  the  tracking 
was  performed  from  Europe  and  the  US.  The  orbits 
were  computed  using  three-day  arcs  and  the  average 
value  of  the  residuals  for  all  stations  was  at  the  level  of 
5  cm. 

The  DORIS  tracking  scenario  is  very  different  fi'om 
that  of  SLR,  as  43  DORIS  beacons  were  active  during 
the  period.  An  almost  complete  geographical  coverage 
without  significant  data  gaps  was  achieved.  The 
number  of  passes  per  day  was  about  130  with  very 
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marginal  day  to  day  variations.  Range-rate  and 
tropospheric  (zenith  delay)  biases  were  estimated  for 
each  pass.  Average  DORIS  residuals  so  obtained  were 
of  0.50  mm/s. 

An  improved  station  coordinate  solution  had  been 
calculated  for  the  processing  of  DORIS  and  SLR  data. 
This  solution  was  based  in  the  processing  of  3.5 
months  of  Lageos  SLR  together  with  18  days  of  Topex/ 
Poseidon  DORIS  and  SLR  data.  With  this  solution  we 
could  achieve  a  reduction  from  0.54  mm/s  to  0.50  mm/ 
s  in  our  DORIS  residuals. 

Topex/Poseidon  orbits  computed  using  a  combination 
of  SLR  and  DORIS  were  also  generated  with  the 
combined  station  coordinate  solution.  The  level  of 
residuals  obtained  was  about  the  same  as  that  obtained 
in  the  individual  solutions. 

For  the  GPS  processing  (Ref.  13),  Topex/Poseidon 
observations  were  used  together  with  data  from  17  to 
20  ground  receivers  from  the  IGS  network.  The  four 
eclipsing  satellites  during  the  period  were  not  used,  due 
to  the  erratic  attitude  behavior  during  and  shortly  after 
eclipse.  From  the  rest,  a  total  of  15  GPS  SV’s  were 
used.  Ionospheric  free  carrier  phase  double  differences 
involving  Topex  and  a  ground  receiver  were  the  data 
type  chosen  for  analysis.  Additionally,  and  in  order  to 
solve  for  the  orbits  of  the  GPS  SV’s,  ground  based 
double  differences  were  used.  Measurements  were 
generated  every  2  minutes  when  involving  the  orbiting 
receiver  and  every  4  minutes  when  involving  only 
ground  stations.  A  Kalman  filter  was  used  to  estimate 
receiver  clock  biases  and  drifts,  but  no  appreciable  drift 
was  ever  detected  in  the  Topex/Poseidon  clock. 

The  coordinates  used  for  GPS  were  those  from  the  IGS 
(flRF).  following  a  similar  approach  to  that  of  the  IGS 
Analysis  by  fixing  the  coordinates  of  a  core  set  of 
stations  and  estimating  the  others.  Drag  scaling  factors 
for  Topex/Poseidon  were  estimated  every  12  hours. 
The  double  difference  phase  measurements  were  fit  to 
a  level  of  17  mm  for  those  involving  Topex/Poseidon. 
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In  order  to  assess  the  performance  of  the  different 
tracking  data  types,  the  ephemerides  generated  by  each 
method  were  compared  with  each  other  and  with 
ephemerides  obtained  by  JPL  (for  GPS  only)  and  by 
the  Delft  University  of  Technology  (DUT)  (Ref,  14). 
The  results  of  these  comparisons  are  shown  on  Table  1 
for  internal  comparisons  and  in  Table  2  for  inter-centre 
comparisons. 

Internal  comparison  with  respect  to  our  GPS  orbits 
display  relatively  high  values  in  the  transverse  and 
normal  directions  which  are  associated  with  large  mean 
components  and  very  small  standard  deviations.  This 
occurrence  can  be  interpreted  as  due  to  reference  frame 
incompatibilities,  mainly  the  inclusion  or  not  of  small 
empirical  celestial  pole  corrections.  In  order  to  get  rid 
of  reference  frame  differences  a  Helmert 
transformation  was  applied  individually  to  each  arc  to 
get  the  GPS  orbit  in  die  reference  of  the  other  orbit. 
The  agreement  between  the  different  orbits  is  very 
good,  even  without  Helmert  transformations. 

The  Table  2  shows  the  comparisons  between  the  ESOC 
GPS  orbit  and  external  GPS  orbits.  Our  GPS  orbit 
agrees  best  with  the  DUT  dynamical  solution,  but  the 
agreement  between  our  solution  and  the  reduced 
dynamics  solutions  is  also  very  good,  especially  in  the 
radial  component. 

These  results  indicate  that  GPS  can  be  used  for  precise 
orbit  determination  and  that  the  orbits  so  obtained  are 
very  close  to  the  orbits  obtained  using  other  precise 
tracking  methods.  They  also  validate  our  software  with 
respect  to  the  use  of  GPS  observables  for  precise  orbit 
determination. 

Astrospas  GPS  data  analysis 

A  second  aspect  of  GPS  orbit  determination  is  its  use 
for  operational  navigation  of  satellites.  There  have 
been  a  number  of  satellites  that  use  a  GPS  receiver  to 
calculate  on-board  the  position  and  even  the  orbit  of 
the  spacecraft.  It  is  foreseen  that  some  elements  of 
support  to  the  International  Space  Station  will  be 
equipped  with  GPS  receivers  for  this  purpose.  These 
receivers  used  for  operational  navigation  may  not  be 
dual-frequency  P  code  receivers.  The  receiver  that  is 
being  planned  for  ARP  (ATV  Rendezvous  Pre¬ 
development  and  Verification)  is  a  C/A  code  one- 
frequency  receiver.  The  GPS  SPS  Signal  Specification 
(Ref.  15)  only  specifies  the  characteristics  of  the  LI  C/ 
A  code.  The  use  of  other  kinds  of  measurements  (P 
code,  L2)  has  to  be  based  on  empirical  and 
unguaranteed  sources. 

One  of  our  goals  is  to  obtain  absolute  positioning  of 
user  spacecraft.  These  absolute  positions  can  then  be 
used  as  a  yardstick  for  absolute  on-board  navigation 


Figure  3.  The  Orfeus-Spas  in  flight  configuration 


and  relative  rendezvous  experiments. 

In  operational  orbit  determination,  an  important  role  of 
on-ground  orbit  determination  with  GPS  is  to  obtain 
predicted  orbits  to  be  used  in  operations  scheduling. 

ESOC  had  the  opportunity  to  obtain  GPS  data  from  the 
September  1993  flight  of  the  Astrospas  spacecraft 
(Orfeus-Spas  mission).  Astrospas  is  a  reusable  Shuttle 
dedicated  satellite  that  carries  a  telescope  as  prime 
payload  instrument  (Fig.  3).  The  spacecraft  is  deployed 
from  the  Shuttle  by  the  Orbiter  RMS,  it  operates  for 
some  days  in  Shuttle’s  vicinity  and  is  then  retrieved 
and  brought  back  to  ground  by  the  Shuttle.  It  has  a  one- 
frequency  receiver  recording  C/A  pseudo-range  and  LI 
carrier  phase  from  up  to  6  GPS  SV’s  at  any  time.  The 
operating  environment  and  GPS  receiver  of  this 
spacecraft  are  similar  to  those  of  future  Space  Station 
missions. 

The  most  important  differences  between  the  GPS  data 
analysis  performed  for  Tqpex/Poseidon  and  that 
needed  for  Astrospas  are: 

-  Data  quality:  Topex/Poseidon  carries  a  high  precision 
GPS  receiver  that  is  optimized  to  obtain  long  cycle  slip 
free  carrier  phase  passes.  The  receiver  in  Astrospas  is 
optimized  for  best  GDOP,  even  if  this  means  changing 
the  set  of  tracked  satellites. 

-  The  Tqpex/Poseidon  clock  is  steered  to  minimize  its 
clock  bias,  while  the  Astrospas  clock  is  in  free  drift,  of 
about  0.04  ms/s,  with  clock  resets  every  8  minutes 

-  Topex/Poseidon  has  a  GPS  antenna  on  top  of  a  mast 
with  a  choke-ring  to  minimize  multipath,  while 
Astrospas  has  two  antennas  to  maximize  visibility  of 
the  GPS  constellation. 

-  Topex/Poseidon  is  kept  in  a  very  well  known  attitude, 
controlled  by  reaction  wheels.  Astrospas  is  oriented  to 
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Figure  4.  Average  measurement 


different  astronomical  sources  with  periods  of 
observation  of  20-40  minutes  and  it  changes  its  attitude 
using  cold  gas  thrusters.  This  may  cause  dynamic 
modelling  problems. 

-  The  ionospheric  correction  for  Topex/Poseidon  can 
be  obtained  using  the  dual-frequency  data,  but  for 
Astrospas  this  is  not  possible.  Groxmd  based 
ionospheric  corrections  may  not  be  appUcable  for  an 
orbiting  receiver,  because  the  spacecraft  is  inside  the 
ionosphere  and  not  below  it. 

There  are  two  possible  ways  of  obtaining  ionospheric 
free  measurements  for  a  single  frequency  receiver.  One 
is  to  obtain  an  average  of  the  carrier  phase  and  the 
pseudo-range  measurement.  This  new  measurement 
will  be  free  of  ionospheric  effect,  but  it  will  have  a 
noise  at  the  level  of  that  of  the  pseudo-range  and  an 
ambiguity  as  the  carrier  phase.  Figure  4  shows  an 
example  of  this  technique. 

The  second  way  is  to  obtain  a  smoothed  approximation 
of  the  half  difference  between  pseudo-range  and  carrier 
phase  for  a  pass  and  to  use  this  smoothed  function  to 
correct  the  phase  measurements.  Figure  5  shows  an 
example  of  this  technique  and  Figure  6  shows  the 
smoothing  of  the  half  difference  using  real  Astrospas 
data.  The  value  of  the  smooth  function  at  the 
measurement  time  is  added  to  the  carrier  phase  value  to 
correct  it  for  the  ionospheric  effect.  The  post-fit 
residuals  of  the  smoothing  are  an  indicator  of  the 
pseudo-range  noise  and  for  Astrospas  they  are  typically 
in  the  2  meter  rms  range. 

Both  ionospheric  correction  techniques  rely  on  the  use 
of  long  cycle-slip  free  carrier  phase  passes.  Short 
carrier  phase  passes  are  useless  for  orbit  detennination, 
because  of  the  need  to  estimate  the  ambiguity. 
Undetected  cycle  slips  will  introduce  errors  in  our 


Figure  S.Ionospheric  corrected  phase  measurement 
derived  measurements. 

The  first  step  in  the  preprocessing  is  then  to  obtain 
carrier  phase  and  pseudo-range  measurements  at  the 
same  epochs  as  our  ground  based  measurements,  so 
they  can  be  combined  to  obtain  double  differences. 
This  process  is  very  difficult  because  it  has  to  be 
performed  simultaneously  with  the  cycle  slip  detection. 
We  aie  currently  investigating  possible  interpolating 
algorithms  to  obtain  long  cycle  slip  free  carrier  phases. 
The  first  data  that  should  be  checked  with  on-board 
GPS  data  is  the  on-board  reconstitution  of  the  position 
of  the  satellite.  The  earth-fixed  positions  obtained  on¬ 
board  can  be  fitted  to  an  orbit.  An  example  of  this  fit  is 
shown  in  Figure  7.  This  is  a  one-orbit  period  in  the 
middle  of  a  3-day  arc  of  position  measurements  that 
were  fitted  using  our  orbit  determination  program.  The 
residual  fit  was  about  56  m  per  component,  with  higher 
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CONCLUSION 


time  (minutes) 


Figure  7.  Difference  between  on-board  derived 
position  and  fitted  orbit 

residuals  in  x  and  y  components  than  in  z.  The  orbit 
was  modelled  using  JGM-2  (70x70)  gravity  model  and 
linear  Cd’s  in  6  hour  intervals.  The  Cd’s  so  obtained 
were  between  1.5  and  2.8  for  a  typical  area  of  9  m^. 
The  orbit  so  computed  can  then  be  used  to  preprocess 
the  basic  GPS  measmements. 


ESOC  has  developed  a  GPS  Tracking  and  Data 
Analysis  Facility  that  has  demonstrated  the  feasibility 
of  using  GPS  for  precise  orbit  determination,  wifli 
results  of  similar  quality  to  those  obtainable  with  other 
precise  tracking  methods,  like  SLR  and  DORIS.  This 
facility  can  also  be  used  to  support  missitms  for  which 
an  on-board  GPS  receiver  is  used  for  autonomous 
navigation.  The  Facility  can  analyze  the  results  of  the 
on-board  navigation  and  it  can  obtain  more  precise  off¬ 
line  orbits  that  can  be  used  to  validate  autonomous 
navigation  using  GPS.  Work  is  on-going  in  order  to 
provide  higher  precision  orbits  even  for  spacecraft  that 
are  not  equipped  with  high  precision  GPS  receivers. 
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Abstract 

The  Federal  Aviation  Administration  Satellite  Program 
Office,  AND-510,  is  developing  a  Wide  Area 
Augmentation  System  (WAAS)  based  on  the  Global 
Positioning  System  (GPS)  to  support  a  precision  approach 
capability  down  to  a  Category  I  (CAT  I)  decision  height 
(DH)  of  200  feet.  This  paper  reports  on  the 
development  of  a  stochastic  service  volume  model  (SVM) 
to  estimate  the  coverage  for  initial  and  end-state 
GPS/WAAS  based  on  combinations  of  various  system 
design  elements.  The  SVM  will  be  used  to  help  validate 
the  performance  of  proposed  WAAS  designs  and  to 
determine  the  sensitivities  to  design  changes.  Using 
statistical  as  well  as  deterministic  input  parameters,  the 
model  graphically  identifies  regions  of  WAAS  coverage 
(system  availability  of  accuracy,  integrity,  and  continuity 
of  service)  for  varying  levels  of  navigation  service  down 
to  Category  I  precision  approach.  This  paper  describes 


the  model  and  shows  how  it  can  be  used  to  analyze  the 
availability  of  GPS/WAAS. 

Introduction 

The  Federal  Aviation  Administration  (FAA)  Satellite 
Program  Office,  AND-510,  is  developing  a  Wide  Area 
Augmentation  System  (WAAS)  [1]  to  enhance  the 
usefulness  of  the  Global  Positioning  System  (GPS). 
Wide-area  Reference  Stations  (WRS)  are  to  record  the 
pseudorange  and  carrier-phase  data  from  the  GPS 
satellites  as  seen  from  different  geographic  locations,  and 
pass  the  data  to  Wide-area  Master  Stations  (WMS).  The 
WMSs  will  analyze  the  data,  develop  differential 
corrections,  and  send  the  corrections  to  ground  earth 
stations  (GES).  The  GESs  will  broadcast  the  corrections, 
along  with  GPS-like  navigation  signals,  to  users  via 
dedicated  equipment  aboard  geostationary  satellites 
(GEOS).  Experiments  indicate  that  given  a  sufficient 
number  of  WRSs  and  GEOS  in  the  proper  locations,  the 
corrected  navigation  signals  from  the  GPS  and  GEOS 
should  support  Category  I  (CAT  I)  precision  approach 
(PA),  as  well  as  enroute  and  non-precision  approach 
(ER/NPA)  operations. 

The  initial  version  of  WAAS  (IWAAS)  is  expected  to  use 
three  Inmarsats  GEOS  and  24  WRSs  to  meet  a  specified 
set  of  requirements  for  the  availability  of  navigation 
accuracy,  integrity,  and  continuity  of  service  [1].  It  is 
anticipated  that  more  WRSs  and  GEOS  will  be  needed  to 
meet  the  more  stringent  requirements  for  end-state  WAAS 
(EWAAS).  For  example,  the  specified  "precision- 
approach  service  volume"  for  IWAAS  is  the  airspace  over 
the  conterminous  United  States  (CONUS),  and  PA 
supported  by  IWAAS  must  be  95%  available  over  at  least 
half  of  this  specified  volume.  For  EWAAS,  however,  the 
PA  service  volume  is  defined  to  be  the  airspace  over 
CONUS,  Alaska,  Hawaii,  and  Puerto  Rico;  PA  supported 
by  EWAAS  must  be  99.9%  available  over  this  entire 
volume.  A  still  larger  service  volume  is  specified  for 
ER/NPA  operations. 

This  paper  describes  the  current  version  of  a  WAAS  SVM 
built  for  FAA's  AND-510  organization  to  assist  in  the 
analysis  of  various  coverage  availability  issues  for 


*  This  paper  is  based  on  system  analysis  studies  performed  by  MITRE's  Center  for  Advanced  Aviation  System  Development 
(CAASD).  This  paper  reflects  the  views  of  the  authors,  who  are  solely  responsible  for  the  accuracy  of  the  facts,  analyses  and 
suggestions  presented  herein;  it  does  not  reflect  the  official  views  or  policies  of  the  FAA. 
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WAAS.  The  analysis  presented  in  the  paper  is  an  example 
of  how  the  S  VM  can  be  used  to  assess  alternative  WAAS 
designs.  The  results  show  some  of  the  effects  of  extra 
GEOS  and  WRSs  on  the  availability  of  PA  operations 
supported  by  GPS/WAAS;  results  are  shown  for  CONUS 
only. 

Description  of  the  SVM  and  Analysis  Examples 

The  SVM  was  developed  from  the  Global  Navigation 
Satellite  System  (GNSS)  Air  Traffic  Operations  Model 
(GATOM)  developed  previously  for  the  FAA  [2]. 

GATOM  is  a  detailed,  Maikov-process  availability  model 
that  estimates  the  unavailability^  of  navigation  accuracy, 
integrity,  and  continuity  of  service  for  GPS  augmented 
with  various  combinations  of  GEOS,  pseudolites,  and 
altimeter  data;  GATOM  also  analyzes  "critical  sets"  of 
satellites  to  aid  in  the  understanding  of  the  operational 
impact  of  availability  shortfalls  [3, 4].  Since  the  basic 
computations  in  the  SVM  are  the  same  as  in  GATOM,  the 
reader  is  referred  to  [2, 3, 4]  for  details  on  the 
computations. 

The  initial  requirements  for  the  SVM  were  very  different 
from  those  of  GATOM,  and  features  such  as  receiver 
autonomous  integrity  monitoring  (RAIM)  and  critical- 
satellite  analysis  [3, 4]  were  temporarily  removed  to  allow 
the  rapid  development  of  a  flexible,  near  real-time  model. 
A  user-interface  (written  in  C++)  allows  one  to  change 
system  parameters  during  an  analysis  run  for  rapid,  easy 
assessment  of  the  sensitivity  of  availability  and  coverage 
to  changes  in  these  parameters.  Parameters  of  interest 
include  the  following: 

•  The  number  and  locations  of  GEOS  providing 
navigation  signals. 

•  The  number  of  GEOS  (including  required  redundancy) 
that  must  be  visible  to  the  user  for  receipt  of  the  WAAS 
message. 

•  GPS  and  GEOS  failure  and  restoration  statistics. 

•  The  number  and  locations  of  WMSs,  WRSs,  and  GESs 
in  operation. 

•  WMS,  WRS,  and  GES  failure  and  restoration  statistics. 

•  Ground  network  connectivity,  availability,  and 
reliability. 

•  Various  service  volumes  of  interest  (for  IWAAS  PA, 
EWAASPA.orER/NPA). 


•  Long-term  MTBF  =  120  months,  long-term  MTTR  =  2 
months. 

The  failure  and  restoration  statistics  for  each  GEOS  are  as 
follows: 


•  Short-term  MTBF  =  7,300  hours,  short-term  MTTR  = 
36  hours. 

•  Long-term  MTBF  =130  months,  long-term  MTTR  =  1 
month. 


Different  failure  and  restoration  statistics  are  also  included 
in  the  SVM,  and  have  been  used  for  other  analyses,  but  do 
not  significantly  affect  the  sample  results  in  this  paper. 

Agcqracy 


Although  the  WAAS  navigation  requirements  are  stated 
directly  in  terms  of  navigation  position-error  rather  than 
dilution  of  precision  (DOP),  the  unavailability  of  user- 
specified  DOPs  is  computed  and  may  be  displayed  along 
with  the  unavailability  of  the  specified  position-error 
accuracy  bounds.  The  accuracy  model  is  based  on  the 
following  equation  from  Appendix  E  of  the  WAAS  MOPS 
[5]  for  the  variance  of  the  pseudorange  error  for  satellite  i 
as  a  function  of  its  elevation  angle  Eli: 


~  ^UDREi  <^UIVE  i  +  ^SNRi 


where 
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q^m45  + 
tan^Eli 


q^trv 

sin^Eli 


5^ 
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•  i  variance  of  the  pseudorange  correction 
(except  for  ionosphere  and  troposphere). 

•  •  is  the  variance  of  the  vertical  ionospheric 
correction  and  F(Eli)  is  the  obliquity  factor  for 
elevation  angle  Eli, 

•  i  receiver  noise  variance. 

•  <J^m45  is  the  variance  of  the  multipath  error  at  45*^ 
elevation. 

•  d^tiv  is  the  variance  of  the  tropospheric  error. 

•  Ojatency  is  the  latency  error  bound  (to  be  applied  if  no 
fast  corrections  have  been  received  for  satellite  i  within 
six  seconds). 


Restoration  of  service  after  multiple  satellite  failures  is 
assumed  to  be  carried  out  in  series  rather  than  in  parallel. 
The  mean-time  between  failures  (MTBF)  and  mean-time 
to  restore  (MTTR)  statistics  for  each  GPS  satellite  are  as 
follows: 

•  Short-term  MTBF  =  5,309  hours,  short-term  MTTR  = 
12.2  hours. 


i  Unavailability  equals  one  minus  availability,  that  is, 
unavailability  is  the  probability  that  the  service  criteria 
are  not  met. 


These  parameters  are  set  to  constant  values  in  the  current 
build  of  the  SVM;  in  particular,  the  accuracy  model  in  the 
current  build  of  the  SVM  is  not  tied  to  the  number  or 
locations  of  WRSs.  These  constants  will  be  replaced  by 
appropriate  models  in  follow-on  builds  of  the  SVM. 

Continuity  of  Function 

The  model  for  the  continuity  of  accurate  navigation  in  the 
SVM  is  at  present  based  on  the  work  in  [3, 4].  With  this 
approach,  the  user  can  specify  the  minimum  number  of 
satellites  that  can  be  used  for  navigation.  For  example, 
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Figure  1.  The  Unavailability  of  Navigation  Accuracy  and  Continuity  for  Precision  Approach  with  IWAAS  at  One 
Sample  Time. 


suppose  that  a  minimum  of  five  satellites  are  required  in 
the  navigation  solution.  In  many  cases,  navigation  could 
continue  after  the  failure  of  any  one  of  the  five;  on  a 
probabilistic  level,  the  effect  is  roughly  equivalent  to 
requiring  one  redundant  satellite  for  the  s^e  of  continuous 
service,  and  we  refer  to  this  as  "level-one  redundancy". 
Similarly,  "level-two  redundancy"  (a  requirement  for  two 
redundant  satellites)  would  be  approximated  in  the  S  VM 
by  requiring  a  minimum  of  six  satellites  in  the  navigation 
solution.  The  calculations  in  [3, 4]  show  that  these  are 
acceptable  approximations  for  WAAS  continuity  analysis. 
Other  models  for  continuity  are  also  under  study  for 
follow-on  builds  of  the  SVM. 

The  Unavailability  of  Navigation  Accuracy  and  Continuity 
for  Precision  Approach  with  IWAAS 

As  a  sample  of  the  output  from  the  SVM,  Figure  1  shows 
an  unavailability  contour  plot  for  PA  accuracy  and 
continuity  with  IWAAS  (that  is,  with  24  GPS,  3  Inmarsat3 
GEOS,  and  24  WRSs).  At  each  location,  the  quantity  of 
interest  is  the  unavailability  of  the  IWAAS  PA 
requirements  "95%  vertical  error  <  7.6  m  and  95% 
horizontal  error  <  7.6  m,  with  continuity"  at  the  time 
chosen  by  the  user.  Level-one  continuity  was  required, 
that  is,  a  minimum  of  five  satellites  were  required  as  an 
approximation  to  a  requirement  for  a  redundant  satellite. 
Since  the  unavailability  is  calculated  at  a  specific  time 


rather  than  a  time  average,  this  is  referred  to  as  an 
instantaneous  unavailability  plot. 

The  analysis  included  postulated  failure  and  restoration 
statistics  for  GPS  and  Inmarsat3,  but  did  not  assume  any 
WRS  or  ground  network  failures  (with  subsequent 
degradation  of  the  accuracy  of  the  WAAS  corrections). 
The  worst  unavailabilities  in  this  case  are  between  0.001 
and  0.01  (indicated  by  the  light  gray^).  According  to 
Shively  [3, 4],  unavailability  >  0.01  usually  corresponds  to 
the  existence  of  a  critical  satellite. 

Previous  work  with  G ATOM  indicates  that  instantaneous 
unavailability  at  any  location  varies  dramatically  with 
time;  this  has  been  confirmed  with  the  SVM,  but  examples 
of  this  variation  are  not  included  due  to  the  lack  of  space. 

Figure  2  shows  the  daily  average  of  unavailability  of 
navigation  accuracy  and  continuity  across  CONUS  for  PA 
with  IWAAS.  The  worst  average  unavailability  of 
accuracy  in  this  case  is  less  than  10"^-^,  that  is,  the  worst 


^  The  gray-scale  resolution  in  the  figures  is  limited  by 
the  copy  machine  used  to  reproduce  this  paper,  not  by 
the  SVM;  the  SVM  provides  much  greater  precision  than 
is  shown  in  the  figures,  and  all  unavailabilities  quoted  are 
based  on  digital  output  from  the  SVM,  rather  than  from 
the  gray  scale  in  the  figures. 
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Figure  2.  The  Daily  Average  of  Unavailability  of  Navigation  Accuracy  and  Continuity  for  Precision  Approach  with  IWAAS. 


daily  average  availability  is  approximately  0.97  or  better. 
Although  the  results  of  most  availability  analyses  are 
phrased  in  terms  of  the  daily  averages,  it  is  crucial  to 
understand  the  operational  impact  of  instantaneous 
unavailability  and  coverage,  since  air  operations  are  taking 
place  at  a  specific  instant  in  time,  rather  than  at  some 
abstract,  average  time.  Nevertheless,  the  majority  of  the 
results  in  this  paper  will  be  phrased  in  terms  of  averages  so 
the  reader  can  compare  them  with  previously  published 
results. 

Figure  2  ignores  the  fact  that,  by  definition,  WAAS 
service  is  not  available  to  any  user  unable  to  see  at  least 
one  GEOS,  Figure  3  therefore  shows  the  effect  if  the 
additional  requirement  is  imposed  that  at  least  one  GEOS 
be  visible  to  each  user.  The  effect  is  shown  mainly  by  the 
light-gray  region  in  the  central  part  of  CONUS:  only  one 
Inmarsat3  is  visible  there,  so  the  unavailability  of  this 
Inmarsat3  dominates  the  WAAS  unavailability  in  that 
region.  As  in  Figure  1,  unavailability  this  large 
corresponds  to  the  existence  of  a  critical  satellite:  failure 
of  the  single  GEOS  visible  in  the  central  part  of  CONUS 
would  deny  WAAS  service.  The  availability  problem 
caused  by  this  critical  satellite  is  being  addressed  in  the 
WAAS  design. 

If  the  visibility  requirement  were  strengthened  so  that  each 
user  must  see  at  least  two  GEOS  for  a  redundant  WAAS 
message  (for  a  backup  in  case  one  GEOS  fails),  then  the 


central  part  of  CONUS  (the  light-gray  region  in  Figure  3) 
would  have  an  outage  because  only  one  of  the  three 
Inmarsat3  GEOS  is  visible  there;  in  this  case  the  color 
would  change  from  light-gray  to  white. 

In  all  subsequent  figures,  at  least  one  GEOS  must  be 
visible  for  reception  of  the  WAAS  broadcast. 


One  way  to  increase  system  performance  is  to  add  ranging 
and  broadcast  resources.  If  we  add  a  new  GEOS,  for 
example,  then  the  redundancy  of  the  WAAS  broadcast,  as 
well  as  the  availability  of  accuracy  and  continuity, 
increases  in  those  areas  from  which  the  satellite  is  visible. 
One  suggestion  is  to  add  a  GEOS  at  longitude  120®  West. 
Since  a  GEOS  at  this  location  can  be  seen  everywhere  in 
CONUS,  it  would  solve  the  critical-satellite  problem 
shown  in  Figure  3.  This  is  demonstrated  by  Figure  4, 
where  part  of  the  light  gray  region  in  Figure  3  has  changed 
to  the  next  darker  shade  of  gray;  the  remaining  light  gray 
is  due  to  the  combination  of  the  continuity  and  broadcast 
requirements.  The  overall  increase  in  availability  can  be 
seen  by  comparing  the  total  content  of  Figures  3  and  4. 
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95^  horizontal  error  <  7S0  n  and 
100*00X  of  Service  Volume  is  good 


S?i%  ver^S^^  error  <  ?\60  m 


Figure  4.  The  Daily  Average  of  Unavailability  of  Navigation  Accuracy,  Continuity  and  the  WAAS  Broadcast  for  Precision 
Approach  with  IWAAS,  Augmented  by  a  GEOS  at  Longitude  120"^  West. 
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Integrity 

As  various  differential-correction  and  integrity  algorithms 
are  developed  and  tested  for  possible  incorporation  into 
WAAS,  their  effects  on  availability  will  be  assessed  by 
including  relevant  calculations  in  the  S  VM.  For  example, 
one  of  the  ingredients  in  any  WAAS  integrity  algorithm  is 
a  99.9%  bound  on  the  ionospheric  error  (or  something 
equivalent).  Reference  [6]  presents  research  on  the 
conditions  under  which  a  99.9%  ionospheric  error  bound 
is  available  for  integrity  calculations.  These  conditions 
depend  on  the  number  and  locations  of  the  WRSs  as  well 
as  the  orbital  data  for  the  GPS  and  GEOS. 

The  criterion  in  [6]  for  the  availability  of  the  99.9% 
ionospheric  error  bound  has  been  incorporated  into  the 
SVM  to  show  the  coarse  sensitivity  of  coverage 
availability  to  different  WRS  configurations.  This  is 
obviously  only  one  element  of  a  comprehensive  integrity 
criterion  for  WAAS.  Since  the  overall  integrity  assurance 
scheme  for  WAAS  is  still  under  study,  a  completely 
different  approach  with  a  different  availability  criterion 
may  ultimately  be  selected.  This  proposed  integrity 
criterion  may  in  fact  be  unnecessarily  strict  since  it  is 
based  on  test  data  from  a  small  number  of  test-bed  sites;  if 
this  is  so,  then  the  resulting  unavailability  estimates  in  this 
paper  may  perhaps  be  too  pessimistic.  Thus  no  decision 
on  the  required  number  of  WRSs  can  be  made  based  on 
this  analysis,  but  nevertheless  the  trend  is  informative. 

The  analysis  of  the  99.9%  ionospheric  error  bound 
presented  in  [6]  uses  a  measure  of  the  geographic 
distribution  of  the  ionospheric  pierce  points  at  the  time  of 
interest  (a  pierce  point  is  defin^  as  the  point  where  the 
line-of-sight  vector  from  the  WRS  to  a  satellite  intersects 
the  layer  in  the  ionosphere  350  km  above  the  surface  of 
the  emth).  The  distribution  of  pierce  points  has  been  used 
in  a  number  of  other  analyses,  for  example  [7],  which 
modelled  the  accuracy  contours  for  WAAS  in  terms  of  the 
pierce  points.  In  general,  increasing  the  density  of  pierce 
points  improves  both  service  accuracy  and  integrity. 
Requiring  higher  densities,  however,  imposes  an 
availability  penalty,  given  no  additional  WAAS  resources. 
A  greater  number  of  pierce  points  can  be  gained  by  adding 
WRSs  or  ranging  satellites. 

For  the  analysis  here  and  in  [6],  the  fundamental  concept 
is  the  distribution  of  pierce  points  with  respect  to  a 
rectangular  grid  with  ionospheric  grid  points  spaced  5"^ 
apart  in  latitude  and  longitude  (see  Figure  5). 

•  An  ionospheric  grid  point  will  be  called  "available"  if  at 
least  three  of  the  four  grid  rectangles  that  meet  at  the 
grid  point  each  contain  at  least  one  pierce  point. 
Otherwise  it  is  "unavailable". 

•  A  grid  rectangle  will  be  called  "available"  if  at  least 
three  of  its  four  comer  grid  points  are  available. 
Otherwise  it  is  ’’unavailable”. 


According  to  the  analysis  in  [6],  WAAS  should  be  able  to 
provide  a  99.9%  ionospheric  error  bound  to  any  user 
located  inside  an  available  grid  rectangle,  but  integrity 
may  not  be  guaranteed  (or  achieved  with  sufficient 
certainty)  in  unavailable  rectangles.  This  is  the  criterion 
for  the  availability  of  integrity  (with  respect  to  ionospheric 
corrections)  currently  implemented  in  the  SVM:  WAAS 
is  considered  unavailable  inside  any  unavailable  grid 
rectangle  (unavailability  =1),  regardless  of  the  availability 
of  navigation  accuracy  and  continuity  at  points  in  the 
rectangle. 
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Figure  5.  Examples  of  available  and  unavailable 
ionospheric  grid  points  and  rectangles. 


Two  points  must  be  emphasized: 

•  This  methodology  does  not  address  the  integrity  of 
WAAS  with  respect  to  error  sources  other  than  the 
ionosphere,  nor  does  it  include  the  constraint  that  the 
vertical  protection  error  (VPE)  should  be  <  19.2  m  [1]. 

•  The  exact  form  of  an  ionospheric  integrity  algorithm  for 
WAAS  has  not  been  determined,  as  mentioned 
previously;  this  methodology  is  just  a  candidate. 

With  these  caveats,  hereafter  the  word  integrity  will  refer 
to  this  proposed  criterion  for  the  availability  of  the  99.9% 
ionospheric  error  bound.  The  effect  of  the  constraint 
"VPE  <  19.2  m"  will  be  discussed  in  a  future  paper. 

The  Unavailability  of  Navigation  Accuracy,  Continuity, 
and  Integrity  for  Precision  Approach  with  IWAAS 

Figure  6  shows  two  instantaneous  unavailability  plots  of 
IWAAS  for  the  northwestern  part  of  the  U.S.  The  service 
requirements  are  accuracy,  continuity,  WAAS  broadcast, 
and  integrity  for  PA.  The  white  triangles  are  the  pierce 
points.  With  all  WRSs  active,  all  grid  rectangles  in  this 
part  of  the  country  are  availabile  for  integrity,  as  shown  in 
Figure  6a  (several  critical  pierce  points  over  Canada  are 
off  the  edge  of  the  Figure). 

Figure  6b  shows  the  result  if  the  WRS  at  Billings 
(Montana)  fails  at  this  time.  The  loss  of  pierce  points 
generated  by  this  WRS  produces  an  integrity  outage. 
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which  extends  from  the  Pacific  Coast  east  to  Wisconsin 
along  the  U.S./Canadian  border,  and  south  into  Utah, 
Colorado  and  Nebraska. 

It  should  be  noted  that  the  new  outage  area  need  not  occur 
in  the  immediate  vicinity  of  the  failed  WRS;  the  reason  is 
that  pierce  points  produced  by  a  WRS  may  be  some 
distance  away,  and  the  outage  reflects  the  location  of  the 
pierce  points  more  than  the  location  of  the  WRS.  For 
example,  the  failure  at  Billings  removes  the  pierce  point 
north  of  Minnesota  in  Figure  6a;  without  this  pierce  point, 
the  ionospheric  grid  points  with  coordinates  (SO^’N, 
W'^W).  (50°N,  95"W),  and  (SO'^N,  lOO^’W)  are  unavailable 


for  integrity,  and  therefore  the  rectangles  between  latitudes 
45°  and  50°  North,  and  longitudes  90°  and  100°  West  are 
unavailable.  Similar  problems  cause  the  other  rectangles 
in  Figure  6b  with  outages  for  the  99.9%  ionospheric  error 
bound. 

As  the  satellites  move  during  the  day,  the  pierce  points 
move  with  them,  changing  the  locations  of  any  integrity 
outages.  Figure  7  shows  the  daily  average  of  the 
unavailability  of  accuracy,  continuity,  the  WAAS 
broadcast,  and  integrity  for  IWAAS  plus  a  fourth  GEOS 
(at  longitude  120°  W). 


Figure  6a.  All  WRSs  are  operational. 


Figure  6 .  The  Effect  of  a  WRS  Failure  on  the  Instantaneous  Unavailability  of  Precision  Approach  at  One  Sample  Time. 
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95X'  horizontal  error  <  7,G0  ni  and  95.?  yertlS;^  error  <  7»60  m 
64.47?  of  Service  Volume  is  good 


Figure  7.  The  Daily  Average  of  Unavailability  of  Navigation  Accuracy,  Continuity,  the  WAAS  Broadcast,  and  Integrity  for 
Precision  Approach  with  IWAAS,  Augmented  by  a  GEOS  at  Longitude  120*^  West. 


The  Unavailability  of  Navigation  Accuracy,  Continuity 
and  Integrity  for  PA  with  IWAAS  Augmented  by 
Extra  GEOS  and  WRSs 

The  option  exists  for  up  to  49  CONUS  sites  and  20 
international  sites  for  the  WRSs,  and  analysis  has  been 
conducted  with  the  S VM  for  more  than  20  WAAS 
configurations  containing  more  than  24  WRSs.  This 
analysis  helped  to  understand  the  interaction  between  extra 
WRSs  and  the  proposed  criterion  for  the  availability  of 
integrity  cited  above. 

Figure  8  is  an  instantaneous  unavailability  chart  for  one  of 
these  larger  configurations.  It  shows  the  pierce  points  for 
a  time  of  day  with  an  integrity  outage  in  the  southwestern 
part  of  CONUS  and  the  northwestern  part  of  Mexico. 

Three  of  the  grid  rectangles  in  the  figure  have  no  pierce 
points.  As  a  result,  the  ionospheric  grid  points  with 
coordinates  (35°  N,  1 15°  W)  and  (30°  N,  1 15°  W)  are 
unavailable  for  integrity.  This  is  the  reason  for  the 
integrity  outage  in  the  two  grid  rectangles  covering 
southern  California  and  southwestern  Arizona  (and  which 
also  affects  northwestern  Mexico). 

This  integrity  outage  could  be  eliminated  either  by  adding 
satellites  to  foe  constellation  (presumably  by  GEOS  rather 
than  GPS),  or  by  adding  WRSs  to  the  WAAS  network. 
However,  foe  particular  distribution  of  the  pierce  points  in 
this  example  suggests  that  a  modification  of  the  proposed 
integrity  method  might  be  preferable. 


In  this  case,  the  grid  rectangle  on  foe  left  (containing  the 
integrity  outage  over  southern  California)  contains  7 
pierce  points.  Further  research  on  GPS/WAAS  integrity 
may  show  that  these  7  pierce  points  are  sufficient  for 
integrity  in  this  rectangle,  expecially  considering  the  fact 
that  the  9  grid  rectangles  centered  on  this  one  contain 
more  than  20  pierce  points  in  all.  Similarly,  the  9  grid 
rectangles  centered  on  the  rectangle  on  foe  right 
(containing  the  integrity  outage  over  southwestern 
Arizona)  contain  more  than  30  pierce  points  in  all.  Even 
with  no  pierce  points  in  the  rectangle  itself,  the  pierce 
points  in  the  surrounding  rectangles  may  be  sufficient  for 
integrity.  This  feeling  is  bolstered  by  the  observation  that 
moving  two  pierce  points  less  than  a  degree  in  the  right 
directions  (in  Figure  8)  would  remove  the  outage  without 
significantly  changing  any  of  the  information  available  to 
WAAS  for  integrity  calculations.  The  bottom  line  is  that 
Figures  6-8  will  look  significantly  better  if  this  proposed 
integrity  criterion  can  safely  be  relaxed  or  otherwise 
adjusted  appropriately. 

Summary 

The  S VM  was  built  to  provide  analytical  support  to  AND- 
510  on  questions  about  the  WAAS.  The  examples 
presented  in  this  paper  demonstrate  how  the  S  VM  can  be 
used  to  check  the  sensitivity  of  WAAS  availability  to 
things  such  as: 
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•  The  WAAS  architecture,  for  example,  the  number  and 
locations  of  GEOS  and  WRSs. 

•  Design  parameters,  for  example,  the  failure  and 
restoration  rates  for  GPS  and  GEOS. 

•  Proposed  geometry  constraints  and  integrity  algorithms. 


Detailed  analysis  will  be  required  to  determine  the  WRS 
configuration  for  EWAAS;  this  analysis  must  also 
consider  other  facets  of  the  availability  problem,  such  as 
the  connectivity  and  failure/restoration  statistics  of  the 
ground  segment  now  being  incorporated  into  the  SVM. 


Figure  8.  An  Instantaneous  Unavailability  Chart  Showing  the  Sensitivity  of  the  Integrity  Outages  to  the  Criterion  for 
Availability  of  Grid  Rectangles. 
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ABSTRACT 

The  Wide  Area  Augmentation  System  (WAAS)  was 
invented  to  improve  both  the  differential  GPS  accuracy  as 
well  as  the  integrity  monitoring  over  a  large  geographical 
region.  [Kee  et  al,  1990,  Walter  et  al,  1994]  The 
ionosphere  model  parameters  are  one  of  the  most 
important  messages  for  the  single  frequency  WAAS 
users.  However,  the  embedded  inter-frequency  biases  in 
both  GPS  satellites  and  dual-frequency  Wide  Area 
Reference  Station  (WRS)  receivers  make  the  WAAS 
generate  biased  ionospheric  delay  measurements.  As  the 
airborne  single  frequency  avionics  retrieve  this  WAAS 
ionospheric  corrections,  a  systematic  error  will  be 
transformed  into  user’s  navigation  solution.  These  biases 
must  be  reduced  to  obtain  the  best  possible  performance 
of  WAAS.  Furthermore,  the  biased  ionospheric  delay 
measurement  will  also  offset  the  ionosphere-free 
pseudorange  estimates.  Thus  these  biases  not  only  offset 
the  ionosphere  model  but  will  also  corrupt  the  WAAS 
corrections  for  satellite  clocks  and  ephemerides. 

Without  appropriate  modeling,  the  bias  can  be  as  large  as 
several  meters.  An  alternative  software  calibration 
methodology  has  been  developed  at  Stanford  University 
for  estimating  these  inter-frequency  biases.  This  method 
allows  a  constant  monitoring  and  a  preliminary  report 
has  been  presented  earlier[Chao,  et  al,  1995].  Since  then 
the  algorithm  has  been  enhanced  in  several  aspects:  1) 
The  data  from  several  stations  are  processed  together 
rather  than  the  previous  single  station  processing.  2)  The 
spherical  harmonics  model  order  is  increased  from  1  to  2. 


3)The  process  is  more  efficient  and  more  automatic.  The 
new  results  show  a  better  than  half  meter  consistency. 

When  the  new  biases  are  incorporated  into  Stanford’s 
Master  Station  algorithm,  the  ionospheric  model  shows 
greater  agreement  with  the  corrected  dual-frequency 
measurements.  Most  importantly,  as  will  be  shown  later, 
new  corrections  significantly  improve  the  positioning 
accuracy  for  a  single  frequency  user.  These  lower  and 
more  zero-centered  navigation  fixes  will  allow  us  to 
further  analyze  the  system  in  more  detail  as  well  as 
monitor  with  better  integrity. 

1  INTRODUCTION 

The  purpose  of  Wide  Area  Augmentation  System 
(WAAS)  is  not  only  to  improve  the  differential  GPS 
accuracy  but  also  to  provide  integrity  monitoring.  The 
accuracy  improvement  is  achieved  by  reducing  the  spatial 
decorrelation  effects  in  GPS  satellite  orbit  error  and 
ionospheric  delay  in  differential  corrections.  With 
geostationary  satellite  broadcasting  correction  message 
on  LI  frequency,  WAAS  facilitates  the  application  of 
differential  GPS  to  civilian  users  since  signals  can  be 
easily  accessed  while  no  local  broadcasting  equipment 
needs  to  be  setup.  Furthermore,  via  the  real  time 
network  monitoring,  WAAS  will  be  able  to  provide  an 
integrity  warning  within  the  time  to  alarm.  The 
Stanford  lab  has  been  a  part  of  the  FAA  cross  country 
WAAS  network  since  1992  and  is  responsible  for  three 
WRS’s  in  the  west  coast.  This  small  size  experimental 
network  has  been  used  to  develop  and  validate  WAAS 
algorithms  with  real  time  flight  tests.  The  Stanford  flight 
test  results  [Walter,  et  al  1994,  Kee  et  al,  1995,  Tsai,  et 
al,  1995]  demonstrate  that  CAT  I  precision  approach 
accuracy  can  be  achieved  with  this  system. 

Figure  1.1  is  the  overview  of  the  Stanford  WAAS 
experimental  network.  This  figure  shows  the  three 
WRS’s  (Elko,  Nevada,  Arcada,  California  and  San 
Diego,  California),  and  Stanford’s  static  and  dynamic 
users  with  the  western  coastline  of  North  America.  A 
snap  shot  of  the  ionosphere  pierce  points  (IPP’s)  seen  by 
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the  entire  network  are  also  shown  in  the  same  figure. 
These  ionospheric  delay  measurements  from  the  three 
WRS’s  are  used  to  generate  the  ionosphere  model 
parameters  for  a  geographical  region  coverage  of 
approximately  40  degree  by  40  degree. 


(lat  Jon)  of  the  ion  delay  obs 


Figure  1.1.  Stanford  WAAS  network  and  ionosphere 
pierce  point  locations.  Circles  are  the  IPPs  from 
WRS’s  and  crosses  are  IPPs  from  the  Stanford  user. 

As  technology  improves  and  new  applications  develop, 
the  accuracy  requirement  of  Differential  GPS  becomes 
higher  and  higher.  Therefore,  smaller  error  starts  to 
reveal  themselves,  become  more  important  and  need 
better  modeling  and  treatment.  One  such  sources  is  the 
inter-frequency  biases  embedded  in  the  GPS  transmitters 
and  receivers.  The  inter-frequency  biases  make  the 
WAAS  generate  the  biased  ionospheric  delay 
measurements.  As  the  airborne  single  frequency  avionics 
retrieve  the  WAAS  ionospheric  corrections,  a  systematic 
error  will  be  transformed  into  user’s  navigation  solution. 
Without  appropriate  modeling  the  combination  of  the 
transmitter-receiver  inter-frequency  biases  can  be  as 
large  as  several  meters.  Because  the  WAAS  user  is 
single  frequency  and  need  and  ionosphere  correction, 
these  several-meter  interfrequency  biases  will  offset 
navigation  solutions. 

One  common  practice  to  this  problem  is  to  pre-calibrate 
receivers  and  rely  on  either  broadcast  information  or 
other  separate  estimates  of  the  satellite  biases.  The 
current  information  of  satellites’  inter-frequency  biases, 
also  known  as  are  from  pre-launched  calibration  data 

and  are  in  GPS  navigation  messages.  Due  to  the  lack  of 
monitoring  and  updating,  this  information  is  usually 
regarded  as  only  marginally  accurate.  On  the  other 
hand,  the  receivers  can  also  be  hardware-calibrated  and  a 
calibration  value  can  be  obtained  for  each  individual 
receiver.  However,  these  approaches  are  both  time 


consuming  and  difficult  to  acquire.  Moreover,  even  if 
the  inter-frequency  biases  are  pre-calibrated,  they  must 
be  constantly  monitored  for  either  bias  drifting  or 
hardware  switching.  Therefore,  to  provide  WAAS 
adequate  accuracy  and  improved  integrity  monitoring,  a 
more  convenient  calibration  method  is  needed.  In 
addition,  this  method  must  be  repeated  periodically  on 
the  receivers  installed  in  the  field. 

The  purpose  of  this  research  is  to  develop  a  calibration 
methodology  which  can  be  easily  applied  and  useful  to 
reduce  the  offset  and  jumpiness  caused  by  the  inter¬ 
frequency  bias  while  providing  better  accuracy  constraint 
for  integrity  monitoring.  A  preliminary  report  [Chao  et 
al,  1995]  demonstrated  a  half-meter  consistency  of  the 
estimation  results.  Since  then  the  algorithm  has  been 
enhanced  in  several  aspects:  1)  The  data  from  several 
stations  are  processed  together  rather  than  the  previous 
single  station  processing.  2)  The  spherical  harmonics 
model  order  is  increased  from  1  to  2.  3)  The  process  is 
more  efficient  and  more  automatic. 


2  INTERFREQUENCY  BIAS 
ESTIMATION 

2.1  GPS  Signal  Models  and  Definition  of  the  Inter- 
frequency  Biases 

To  clearly  understand  the  role  that  the  inter-frequency 
bias  plays  in  the  ionsopheric  delay  measurements,  it  is 
best  to  start  with  the  basic  GPS  observables,  code  and 
carrier  phases  on  LI  and  L2  frequencies.  The  models  for 
the  GPS  measurements  used  are: 

=p  +  4i  (2.1) 

p^l2  =  p  +  y  *  +  y  ' 

<l>ti  =  9-hx  +^1^1  +"«♦,  +£,, 

<t>  =  P  “Y  •  ^2  +Y  •  +  ^2^2  +  '”♦2  +  £,2 

where 

y^m/L,y=(7i/6oy 

p  is  the  pseudorange,  including  the  tropospheric 
delay,  receiver  and  satellite  clock  biases  and  all 
elements  common  to  all  the  four  observables  in 
equation  (2.1). 

is  the  ionospheric  delay  at  LI  frequency. 

Tjj  is  the  actual  (as  opposed  to  the  broadcast) 
transmitter  inter-frequency  bias  in  code-phase  on  LI 
for  the  j-th  satellite.  is  the  respective  bias  on  the 
carrier-phase. 
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R.  is  the  receiver  differential  inter-frequency  bias  on 
L2  for  the  i-th  receiver.  Because  of  the  timing  of  the 
GPS  receivers  is  dependent  on  LI  C/A  code,  the 
inter-frequency  bias  on  LI  is  zero  by  definition. 

and  are  the  non- white  noises  contributed  form 
multipath  effect.  The  large  case  (M)  represents 
larger  error  in  pseudorange  and  the  lower  case  (m) 
represents  at  least  a  order  or  more  smaller  multipath 
on  carrier  phase. 

and  are  the  measurement  noises.  They  also 

represent  larger  noise  on  pseudorange  and  smaller 
noise  on  carrier  phase.  These  measurement  noises 
are  also  assumed  to  be  white  noise  as  opposed  to  the 
colored  multipath  effect. 

Note  that  different  transmitter  and  receiver  inter- 
frequency  biases  have  been  assumed  for  the  code  phase 
and  the  carrier  phase  measurements  to  take  into  account 
the  different  tracking  loop  and  to  be  more  realistic. 
However,  from  the  following  analysis,  these  inter¬ 
frequency  biases  on  carrier  phase  measurements  can  be 
lumped  with  the  constant  cycle  ambiguities  and  do  not 
need  to  be  treated  separately. 

2.2  Dual  Frequency  Ionospheric  Delay  Measurements 

In  the  usual  sense  of  dual  frequency  GPS  measurement, 
the  ionospheric  free  pseudorange  will  not  be  affected  by 
the  satellite  inter-frequency  biases  [GPS-ICD-200]. 
However,  since  the  WAAS  user  equipment  is  single 
frequency  and  uses  ionospheric  corrections,  the  following 
analysis  will  show  that  both  the  satellite  and  the  receiver 
inter-frequency  biases,  and  R.,  introduce  errors  to  the 
ionospheric  measurements  as  well  as  to  the  smoothed 
pseudorange  through  carrier-smoothing.  These  biased 
measurements  will  then  corrupt  the  WAAS  ionospheric, 
satellite  clock  and  ephemeris  corrections.  From  each 
WRS,  the  ionospheric  dual  frequency  measurements  can 
be  calculated  from  both  code  phase  and  carrier  phase  as: 

_PR,,-PR,, 

'-‘■™  Y_i 

=  4.+(7’/.+:^)+V™  (2.2) 


where  we  assumed  the  inter-frequency  biases  are  very 
slowly  time  varying  and  thus  can  be  lumped  into  the 
ambiguity  term  for  a  data  collection  session.  The 
ionospheric  delay  derived  from  carrier  phase,  equation 
(2.3),  will  be  used  to  smooth  the  code  phase  equation 
(2.2),  as  part  of  the  algorithm  for  Stanford  real-time 


experimental  WAAS.  Clearly,  the  quantity 


TJ.+ 


Y-1 


in 


h\.PR^  which  will  be  used  to  generate  the  WAAS 


ionospheric  corrections,  prevent  us  from  obtaining  the 


correct  ionospheric  delay.  This 


TL  + 


R 

i 

y-1 


is  satellite  as 


well  as  receiver  dependent  and  can  have  values  of  several 
meters.  We  call  this  quantity  the  inter-frequency  bias, 
i.e.  we  define 

Inter — frequency  Bias  =  H - — 

Y-1 


For  the  above  reason,  a  calibration  method  is  needed  to 
improve  the  accuracy  of  WAAS.  The  current  methods 
for  obtaining  the  GPS  satellite  and  receiver  inter¬ 
frequency  biases  are  through  either  global  data 
estimation  [Wilson,  et  al,  1994]  or  direct  hardware 
calibration.  Since  the  Stanford  experimental  WAAS 
network  has  only  limited  geographical  coverage,  and  also 
because  the  hardware  calibration  is  time  consuming  and 
the  biases  may  subject  to  drift,  the  following  estimation 
algorithm  provides  an  easier  way  to  estimate  and  monitor 
these  biases. 


2.3  Estimation  Algorithm 

This  section  details  the  post-processing  algorithm  for 
estimating  the  inter-frequency  biases.  A  basic  assumption 
of  the  inter-frequency  biases  is  that  they  are  quite 
constant  over  a  long  period  of  time.  This  assumption 
will  be  verified  later. 


The  idea  of  estimating  the  interfrequency  bias  is  the 
following:  if  we  can  separate  the  ionospheric  delay  from 
the  ambiguity  term  in  the  almost  noiseless  equation  (2.3), 
then  we  can  plug  in  and  cancel  this  ionospheric  delay  in 
equation  (2.2).  After  an  averaging  to  reduce  the  code 
phase  noise  and  multipath,  the  estimate  of  the  inter¬ 
frequency  bias  can  be  obtained. 


Y-1 


R. 


A. 

)+— 


NX-KK 


-+v. 


Y-1 


Y-1 


(2.3) 


In  essence,  this  estimation  scheme  exploit  the  obliquity 
factor  used  with  a  spherical  harmonics  model  to  separate 
the  ionospheric  delay  from  the  inter-frequency  biases 
[Cohen  et  al,  1992].  Another  assumption  for  using  this 
scheme  is  that  the  ionosphere  will  be  constant  for  a 
course  of  2  to  3  hours  when  expressed  in  the  Solar- 
Magnetic  frame  [Knecht  et  al,  1985]. 
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Figure  2.1  depicts  the  concept  of  ionosphere  pierce  point 
and  the  obliquity  factor.  The  ionosphere  is  a  layer  above 
the  surface  of  Earth  and  the  ionosphere  pierce  point  (IPP) 
is  the  intersection  of  user’s  line  of  sight  to  the  satellite 
and  the  center  of  the  ionosphere  slab.  The  obliquity 
factor  is  the  ratio  of  ionospheric  delay  along  the  user’s 
line  of  sight  to  the  delay  in  the  vertical  direction  through 
the  same  IPP.  The  user  is  actually  the  static  WRS  in  this 
figure.  The  obliquity  factor  is  assumed  to  be  a  pure 
geometric  function  of  satellite  elevation  angle. 


Once  we  separate  the  constant  offset  from  the  ionospheric 
delay  in  (2.4),  we  can  back  substitute  the  ionospheric 
delay  into  equation  (2.2)  and  what  is  left  from  the  code 
phase  measurement  will  be 

=  (2.5) 

Y-1 

By  further  assuming  the  colored  noise,  which  dominated 
by  multipath  effect,  can  be  averaged  out,  an  estimate 
value  for  the  inter-frequency  biases  can  be  obtained  as: 


Figure  2.1.  Ionospheric  Pierce  Point  (IPP)  Concept. 


Even  if  the  ionospheric  delay  measurements  from  both 
code  phase  and  the  carrier  phase  have  the  same 
measurements  of  ionosphere  with  different  offsets,  the 
carrier  phase  measurement  is  more  preferable  to  use  for 
the  ionosphere  modeling  because  of  its  much  smaller 
multipath  and  measurement  noise.  Explicitly,  the 
noiseless  equation  (2.3)  can  be  re-written  with  the 
obliquity  factor  (Ob)  as 

(2.4) 

where  is  a  constant  offset. 


inter -frequency  bias  = 


(2.6) 


where  operator  (  )  represents  time  averaging 

Cycle  slips  in  the  ionospheric  delay  measurement  can 
easily  be  fixed  with  1  Hz  data  both  because  the  limited 
physical  variation  speed  in  the  ionosphere  as  well  as 
because  the  satellite  clock  biases  (mainly  due  to  Selective 
Availability)  been  canceled  out.  Therefore  a  linear 
extrapolation  can  be  used  for  a  cycle  slip  to  centimeter 
level. 

3.  Data  Processing 

The  database  used  in  this  study  is  real  data  collected  from 
each  of  the  Stanford  WRS’s  and  also  the  Stanford  user 
for  performance  validation.  All  three  WRS’s  and 
Stanford  user  are  equipped  with  Trimble  4000  SSE 
receivers.  Data  is  mostly  collected  around  midnight  and 
at  noon  to  avoid  the  larger  ionosphere  gradient  in  the 
sunrise  and  sunset  periods.  This  practice  allows  the 
obliquity  factor  be  calculated  more  accurately. 


With  the  assumption  that  the  ionosphere  is  constant  for  a 
3-hour  period  in  the  Solar-Magnetic  frame,  all  the  IPPs’ 
geographical  latitudes  and  longitude  are  transformed  to 
the  Solar-Magnetic  frame  and  a  spherical  harmonic 
model  is  the  ideal  candidate  for  modeling  the  constant 
ionosphere  in  this  spherical  coordinate  system. 

After  a  Least  Squares  fit  of  the  model  coefficients,  the 
ionosphere  can  be  separated  from  the  constant  offsets  in 
equation  (2.4).  Again  advantages  has  been  taken  of  the 
change  of  satellite  elevation  angle  and  thus  obliquity 
factor,  Ob.  Usually  a  half-an-hour  satellite  observation 
period  is  necessary  to  provide  sufficient  elevation  angle 
change  and  therefore  sufficient  separation. 


The  ionosphere  is  assumed  to  be  constant  in  the  Solar- 
magnetic  coordinate  frame  for  at  least  2  to  3  hours.  As  a 
result  of  this  assumption,  the  noon  time  estimation 
results  have  larger  variation  than  those  from  midnight 
processing.  However,  this  is  the  only  way  to  obtain  the 
complete  estimates  for  all  satellites  in  the  GPS 
constellation. 

The  processing  of  multi-station  data  has  several 
advantages  over  the  single  WRS.  First  of  all,  multi¬ 
station  data  provides  more  consistency  when  modeling 
the  ionosphere  simultaneously  than  separately.  Second, 
the  multi-station  data  set  provide  far  more  complete 
coverage  of  the  sky  and  therefore  a  higher  order  spherical 
harmonics  can  be  used  for  the  ionospheric  delay 
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modeling  reliably  .  Hence  more  detailed  variations  can 
be  correctly  modeled.  Figure  3.1  shows  a  set  of  IPP 
ground  tracks  in  one  data  processing  session,  a  total  of  43 
satellite-receiver  pairs  have  been  included  in  this  run. 


IPPs  of  the  whole  network  in  solar-magnetic  frame 


Figure  3.1,  ground  track  of  ionospheric  pierce  points  in  a 
multi-station  processing  session,  total  of  43  satellite- 
receiver  pairs  been  included  in  this  run. 

To  obtain  the  final  estimates,  the  following  strategy  was 
employed:  A  set  of  seven-day  data  was  collected.  Then 
for  each  midnight  and  noon  time  5-hour  data  period,  one 
multi-station  estimation  result  was  obtained  for  each  3- 
hour  data  subset.  These  3-hour  subsets  usually  overlap 
for  an  hour.  Therefore,  for  each  5-hour  period,  three  to 
four  multi-station  estimates  as  well  as  the  confidence 
number  will  be  calculated  for  all  possible  satellite-in¬ 
view  as  well  as  the  confidence  number  for  each  estimates. 
These  estimate  will  be  combined  in  a  weighted-average 
to  get  one  estimate  for  that  5-hour  period.  After 
repeating  the  process  for  all  the  data,  the  final  estimate 
will  be  another  weighted  average  over  all  midnight  and 
noon  time  sessions. 

Currently,  the  program  handles  all  processing 
automatically,  including  choosing  satellites  according  to 
the  time  period  specified,  cycle  slip  fixing  and 
performing  the  estimation.  Since  the  greater  multipath 
effect  is  at  lower  elevation,  a  exponential  weighting 
function  is  used  for  computing  the  time  averaging  in 
equation  (2.6). 

Figure  3.2  shows  one  example  for  the  time-averaged 
result  presented  in  equation  (2.6). 


Tgd+R/gamma-1 ,  m(D)  bid(dot) 


Figure  3.2.  The  noisy  line  is  the  mix  of  the  inter¬ 
frequency  bias  and  the  colored  noise  in  equation 
(2.5).  After  time  averaging,  the  interfrequency  bias  is 
given  by  the  dotted  line.  Also  presented  is  the  same 
bias  based  on  the  broadcast  Tgd  and  pre-calibrated 
receiver  bias  (old  value). 


4  RESULTS  AND  VERIFICATION 

Results  and  several  verification  schemes  will  be  provided 
to  prove  the  usefulness  of  this  estimation  algorithm. 
Since  it  is  hard  to  find  any  independent  and  direct  means 
to  verify  the  validity  of  our  estimates  ,  several  verification 
methods  [Chao,  et  al,  1995]  i.e.  single-difference  between 
receivers/satellites,  the  rms  error  in  both  WAAS 
ionospheric  modeling  and  navigation  fixes  will  be  used 
in  this  paper  to  assess  the  estimates. 

4.1  Verification  by  Single  Differences 

The  single  difference  between  two  receivers  viewing  the 
same  satellite  is  used  to  check  the  consistency  of  the 
estimation.  This  process  cancels  the  satellite  bias  and 
forms  the  relative  receiver  bias  AR..  This  quantity 
should  agree  to  within  the  error  limit  regardless  which 
satellite  is  used  for  forming  the  single  difference.  Table 

AR 

4.1  presents  the  statistics  for  different - -  using  all  25 

Y-l 

GPS  satellites  in  the  current  status.  The  last  column  i.e., 
the  standard  deviation,  indicates  the  estimation  results 
agree  to  better  than  0.5  meters.  These  estimated  bias  also 
agreed  with  the  earlier  estimation  results  to  within  the 
error  bound  [Chao  et  al,  1995].  As  these  results 
compared  to  the  two-year-old  hardware  calibrated  values, 
one  of  the  single-difference  is  off  by  one  meter  or  so. 
This  shows  the  needs  for  constant  monitoring  of  the 
inter-frequency  biases. 
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all  25  Svs 

mean  (m) 

std  (m) 

Areata  -  Stanford 

1.86 

0.44 

Elko  -  Stanford 

5.68 

0.49 

San  Diego  -  Stanford 

3.09 

0.33 

Table  4.1.  Statistics  of  relative  receiver  biases  from  single 
differences  between  receivers  of  estimated  inter- 
frequency  biases  using  common  satellites.  For 
comparison,  the  two-year-old  hardware  calibration 
single-differences  are  also  listed:  between  Areata  and 
Stanford  was  1.40  meter,  between  Elko  and  Stanford 
was  4.54  meters,  between  San  Diego  and  Stanford  was 
3.19  meters. 


4.2  RMS  Error  in  WAAS  Ionospheric  Modeling 

The  WAAS  broadcasts  the  ionosphere  model  parameters 
for  single  frequency  users  to  correct  ionospheric  error. 
Not  considering  the  inter-frequency  biases  will  cause  the 
Wide  Area  Master  Station  (WMS)  to  generate  a  biased 
and  even  skewed  ionosphere  map.  The  error  could  be  as 
large  as  several  meters  as  shown  in  Table  4.1.  The  rms 
error  of  the  user  ionospheric  should  be  reduced  after 
taking  the  biases  into  account. 

For  the  Stanford  WAAS  network,  carrier  smoothed 
measurements  along  with  a  confidence  indicator  are  used 
to  obtain  the  ionospheric  delay  at  each  WRS.  The  data  is 
then  transmitted  back  to  the  WMS  at  Stanford  campus. 
The  tasks  of  WMS  are  to  generate  the  ephemeris 
correction,  the  satellite  clock  correction  and  ionospheric 
delay  model  [Walter  et  al,  1994,  Kee  et  al,  1995,  Tsai  et 
al,  1995]. 

The  current  implementation  of  the  ionospheric  delay 
model  in  Stanford  WAAS  conforms  to  the  RTCA-SC- 
159  Working  Group  2  (WG2)  Grid  algorithm  [RTCA- 
WG2].  The  formula  to  generate  each  grid  is 


^grid,V  ^Klob,V  ' 


y^Klob,V,k  J 


K 

Ew, 


(4.1) 


where  „  is  the  estimated  vertical  ionosphereic  delay  at 
the  grid,  is  the  ionospheric  delay  calculated  from 
broadcast  Klobuchar  model,  is  the  measured 

ionospheric  delay  at  the  IPP  and  4,^^  is  the  ionsopheric 
delay  from  Klobuchar  model  at  the  IPP.  K  is  the  total 
number  of  IPP’s.  Finally,  Wj=l/dt  is  used  as  a 


weighting  function,  where  d,  is  the  distance  from  the  k- 
th  IPP  to  the  grid. 

For  the  Stanford  WAAS,.  76  grid  points  are  used  to  cover 
an  approximately  40  degree  by  40  degree  geographical 
region  with  5  degree  grid  spacing.  Because  the 
Klobuchar  model  is  used  [Klobuchar,  1986],  the  above 
algorithm  automatically  accounts  for  the  time  and 
seasonal  effects  between  the  IPP  and  grid.  For  our 
implementation,  the  weighting  function  has  been 
modified  to  include  the  confidence  from  the  smoothing 
function  as  [Kee  et  al,  1995]: 


The  mean  and  rms  error  of  the  ionospheric  delay  at 
Stanford  dual  frequency  static  user  is  presented  in  Table 
4.2.  for  comparison.  Note  that  Stanford  has  a  dual 
frequency  static  user  for  this  statistical  comparison. 


Modified  Grid  user  ionospheric  RMS 

user 

ionospheric 
RMS  error 

w/o  ifb  correction 

with  ifb  correction 

mean 

stdev 

mean 

Stdev 

-0.31  m 

0.82  m 

-0.05 

0.37  m 

Table  4.2  Comparison  of  user  ionospheric  delay  RMS 
error  through  WAAS  modified  grid  algorithm,  with 
and  without  inter-frequency  biases  (ifb)  correction. 
The  statistics  is  based  on  August  26,  1995,  14-hour 
data. 

4.3  WAAS  Navigation  Solutions 

The  last  and  the  most  important  test  of  the  estimated 
interfrequency  bias  is  the  improvement  of  WAAS 
navigation  fixes.  Both  the  ionospheric  delay  correction 
and  the  satellite  clock  and  ephemeris  correction  will  be 
affected  by  the  biases  through  frequency  smoothing  for 
both  pseudorange  and  ionosphere  measurements.  Figure 
4.1  shows  a  14-hour  Stanford  WAAS  real-time  flight  test 
vertical  error  without  adjusting  the  interfrequency  biases. 
An  about  one-meter  offset  was  in  the  vertical  direction 
and  similar  half  meter  offset  in  the  east  and  north 
direction..  After  adjusting  the  interfrequency  biases. 
Figure  4.2  shows  the  offset  in  the  vertical  direction  has 
been  greatly  reduced  to  be  more  zero-centered  for  the 
same  data. 

Table  4.2  presents  the  95%  and  99.9%  percentile  of  the 
WAAS  navigation  fix  error  over  this  14-hour  session. 
Table  4.3  shows  the  means  as  well  as  the  sample  worst 
cases  for  the  same  set  of  data.  It  is  apparent  that  with  the 
inter-frequency  bias  correction,  not  only  the  mean  of  the 
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navigation  errors  been  reduced,  but  also  the  distribution 
of  the  errors  been  greatly  reduced. 


Histogram  of  Vertical  Error:  -  FT826b,  14  hr,  without  Ifb,  total  pts=  50309 


Accumulative  Probability  Distribution:  -  FTe26b,  14  hr,  wi  thout  ifb 


Vertical  err  (meters) 

Figure  4.1  Histogram  of  WAAS  navigation  solution 
flight  errors  before  adjusting  the  estimated  inter¬ 
frequency  biases. 

Histogram  of  Vortical  Error;  -  FT826a,  14  hr,  without  ifb.  total  pts=  50287 


Accumulative  Probability  Distribution;  ~  FT826a,  14  hr.  wi  thout  ifb 


Vertical  err  (meters) 


Figure  4.2  Histogram  of  WAAS  navigation  solution 
flight  errors  after  adjusting  the  estimated  inter- 
frequency  biases. 


without  ifb  correction 

with  ifb  correction 

Percentile 

between  (meters) 

between  (meters) 

95% 

-4.7 

6.7 

-1.85 

2.4 

99.9% 

-5.0 

7.2 

-2.8 

2.8 

Table  4.2  95%  and  99.9%  of  the  WAAS  vertical 


navigation  error.  Comparison  for  with  and  without 
applying  inter-frequency  biases  (ifb).  The  statistics  is 
based  on  a  14-hour  data  from  August  26,  1995,  54000 
epochs. 


w/o  ifb  correction 

with  ifb  correction 

worst  cases 

worst  cases 

mean 

lower 

upper 

mean 

lower 

upper 

Vertical 

+0.79 

-5.4 

+7.6 

+0.11 

-4.4 

+4.6 

East 

0.41 

-3.8 

+2.8 

+0.06 

-1.6 

+3.4 

North 

0.20 

-3.0 

+4.2 

-0.12 

-2.6 

+1.6 

Table  4.3  Comparisons  of  WAAS  navigation  error 
statistics  with  and  without  inter-frequency  bias  (ifb) 
correction:  mean  and  worst  cases  in  meters.  Data  is 


from  August  26,  1995,  54000  epochs. 

This  result  shows  the  necessity  of  correctly  adjusting  the 
inter-frequency  biases.  The  fact  that  the  distributions  are 
more  closely  centered  about  zero  shows  that  the  biases 
have  largely  been  removed  from  the  corrections.  Thus 
despite  the  fact  that  there  is  no  independent  mean  to 
absolutely  validate  bias  estimates  obtained  by  this 
method,  all  consistency  checks  that  have  been  performed 
indicate  that  they  are  correct. 

5  FUTURE  WORK  AND  CONCLUSIONS 

A  working  estimation  algorithm  has  been  developed  for 
estimating  the  interfrequency  biases  between  LI  and  L2 
frequencies  embedded  in  both  the  GPS  satellites  and  the 
WAAS  reference  receiver.  With  this  calibration  scheme, 
the  ionospheric  correction  accuracy  has  been  improved  to 
only  5  cm  in  the  mean  of  the  errors.  The  WAAS 
navigation  fix  errors  have  also  been  reduced  greatly. 
Most  importantly,  the  navigation  errors  are  more  zero- 
centered  and  a  2-meter  95%  accuracy  has  been 
demonstrated  after  adjusting  the  interfrequency.  This 
will  enable  more  effective  integrity  monitoring. 

It  is  worthwhile  to  mention  that  multi-station  data 
processing  improves  the  estimation  by  more  consistent 
ionosphere  modeling  as  well  as  by  being  able  to  use  a 
higher  order  spherical  harmonics  model. 

For  the  future,  work  will  focus  on 

•  Development  of  sequential  algorithm  and 

preparation  for  the  coming  high  solar  activity  period. 

•  Continuously  monitor  the  interfrequency  bias  and 
creating  a  larger  data  base. 

•  Searching  for  better  obliquity  model  for  better 
ionospheric  modeling. 
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Abstract 

A  powerful  dynamical  technique  to  compute  precise 
GPS  satellite  orbits  for  the  FA  A  real-time  Wide- 
Area  Augrnentation  System  (WAAS)  has  been  eval¬ 
uated.  The  dynamical  technique  estimates  GPS  satel¬ 
lite  states  from  a  long  history  of  measurements,  which 
are  related  to  the  current  states  through  precise  mod¬ 
els  of  satellite  dynamics.  This  contrasts  with  non- 
dynamical  techniques,  in  which  an  inverted  form  of 
the  navigation  fix  solution  yields  the  instantaneous 
position  of  the  satellite,  without  introducing  dynam¬ 
ical  information.  The  dynamical  orbit  determination 
method  not  only  yields  much  more  accurate  and  ro¬ 
bust  orbit  solutions,  it  enables  complete  separation  of 
orbit  and  satellite  clock  errors.  Results  with  real  data 
show  that  a  network  of  12  monitor  stations  distributed 
over  North  America,  producing  dual  frequency  pseu¬ 
dorange  data,  yields  3-dimensional  orbit  accuracies  of 
better  than  three  meters  within  the  service  volume,  as 
compared  with  the  JPL  precise  ephemerides.  This  is 
about  a  factor  of  three  improvement  over  the  broad¬ 
cast  ephemerides. 

In  a  WAAS  simulation  the  dynamical  orbit  estimation 
technique  produced  the  most  accurate  user  results. 
Over  the  30  simulated  users,  the  mean  of  the  eastern, 
northern  and  vertical  components  of  the  users’  stan¬ 
dard  deviations  were  20.5  cm  east;  25.0  cm  north;  and 
28.4  cm  vertical.  This  represents  the  orbit  and  satel¬ 
lite  clock  components  of  the  user  position  error.  No 
latency,  tropospheric,  or  user  measurement  noise  are 
included  in  the  simulated  user  ranges  (although  mea¬ 
surement  errors  were  of  course  present  in  the  data  used 
to  compute  the  orbits).  A  comparison  with  the  results 
obtained  with  the  broadcast  and  non-dynamical  orbits 
is  presented. 

The  dynamical  orbit  estimation  process  and  the  slow 
correction  generation  can  be  done  in  about  2.5  seconds 
well  in  advance  of  its  use.  Thus  the  dynamical  slow 
correction  generation  adds  no  latency  to  the  process 
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of  the  message  generation.  Real-time  performance  of 
the  dynamical  orbit  estimation  is  easily  achievable  in 
a  WAAS  scenario. 


1  Introduction 

The  Federal  Aviation  Administration  (FAA)  is  cur¬ 
rently  developing  a  GPS-based  navigation  system  that 
is  intended  to  become  the  primary  navigation  aid 
for  commercial  aviation  during  all  phases  of  flight — 
including  Category  I  precision  approach.  This  revo¬ 
lutionary  navigation  system  will  be  based  on  the  con¬ 
cept  of  WADGPS  (Kee  1993).  Called  by  the  FAA 
the  Wide-Area  Augmentation  System  (WAAS),  it  will 
make  use  of  a  network  of  20  to  30  Wide-area  Refer¬ 
ence  Stations  (WRSs)  distributed  throughout  the  Na¬ 
tional  Airspace  System.  These  reference  stations  will 
collect  pseudorange  and  atmospheric  measurements, 
and  will  send  them  to  one,  or  perhaps  more,  Wide- 
area  Master  Stations  (WMSs).  The  WMS  will  process 
the  data  to  provide  a  vector  correction  for  each  GPS 
satellite.  The  vector  correction  will  include  as  separate 
components  the  GPS  ephemeris  errors,  satellite  clock 
bias  and  ionospheric  delay  estimate.  The  FAA  dis¬ 
tinguishes  two  kinds  of  corrections:  a  slow  correction 
and  a  fast  correction.  The  slow  correction  contains, 
as  its  name  indicates,  the  slowly  varying  errors — the 
ephemeris  error  and  long-term  clock  errors.  Due  to  its 
slowly  varying  nature,  this  error  need  be  transmitted 
only  every  5  minutes.  On  the  other  hand,  the  satel¬ 
lite  clock  error  is  quickly  varying — due  to  SA — and 
demands  a  faster  correction  rate,  on  the  order  of  one 
correction  message  every  six  seconds.  The  corrections 
will  be  sent  to  the  users  by  means  of  a  Geosynchronous 
Earth  Orbit  (GEO)  satellite  using  a  signal  and  data 
format  designed  by  RTCA  ^  Special  Committee  159. 
The  WAAS  is  expected  to  provide  supplemental  radio 
navigation  by  the  year  1997,  and  eventually  to  become 
the  primary  system  of  navigation.  The  system  will  add 
to  the  current  GPS  system  the  following  features:  a 
ranging  function  that  will  improve  availability  and  re¬ 
liability;  differential  GPS  corrections  that  will  improve 
accuracy;  and  integrity  monitoring  that  will  enhance 
safety.  To  meet  the  requirements  associated  with  a 
primary  navigation  system,  WAAS  should  be  able  to 
provide  fault-free  position  fix  with  a  time  availability 
of  0.999  for  Category  I  approaches,  and  0.99999  for  do¬ 
mestic  en  route ^  terminal  and  non-precision  approach 
phases  of  flight. 

^  Radio  Technical  Commission  for  Aeronautics. 


Section  2  describes  dynamical  orbit  determination  and 
assesses  the  accuracy  of  the  GPS  ephemeris  obtained 
using  this  technique.  Section  2.3  presents  the  user  po¬ 
sitioning  accuracy  obtained  in  a  WAAS  scenario  sim¬ 
ulation.  Section  3  discusses  the  advantages  that  a 
dynamical  orbit  determination  introduces  over  non- 
dynamical  techniques.  The  real-time  aspects  of  a  dy¬ 
namical  orbit  determination  technique  are  mentioned 
in  Section  4.  The  conclusions  are  drawn  in  Section  5.1. 

2  Dynamical  Orbit  Determina¬ 
tion 

By  dynamical  orbit  determination  we  refer  to  a  tech¬ 
nique  that  computes  precise  satellite  orbits  from  a  col¬ 
lection  of  measurements  that  are  related  to  the  satel¬ 
lite  states  by  precise  dynamical  models  that  accurately 
describe  the  orbital  motion  of  the  satellite.  The  rela¬ 
tionship  between  satellite  states  and  observables  is  in¬ 
herently  non-linear.  The  commonly  implemented  sta¬ 
tistical  estimation  technique  requires  linear  relation¬ 
ships  between  states  and  observables;  therefore,  the 
equations  describing  the  motion  of  the  satellite  are  lin¬ 
earized  with  respect  a  nominal  trajectory. 

2.1  State  vector,  numerical  propaga¬ 
tion  models  and  orbit  estimator 

Our  solutions  for  the  GPS  ephemeris  are  implemented 
in  a  software  set  known  as  GIPSY/OASIS  II  (GOA 
II).  The  filter  implementation  is  a  Square  Root  Infor¬ 
mation  Filter  (SRIF)  which  yields  increased  numeri¬ 
cal  stability  compared  to  non-square  root  implemen¬ 
tations  (cf.  Bierman  (1977),  Wu  et  al.  (1990)).  As¬ 
suming  no  numerical  problems,  the  SRIF  is  equivalent 
to  other  Kalman  implementations. 

When  solving  for  GPS  ephemeris  errors,  our  state  vec¬ 
tor  consists  of  a  GPS  epoch  state,  GPS  clock,  station 
troposphere,  station  clocks,  as  well  as  Y  bias  and  so¬ 
lar  pressure  scaling  factor  for  each  GPS  satellite.  One 
station  clock  is  held  as  a  reference.  Station  tropo¬ 
spheres  are  treated  as  random  walks.  We  use  30-hour 
data  arcs  in  the  solutions  presented  in  this  paper.  The 
epoch  state  for  GPS  refers  to  the  position  and  velocity 
at  the  beginning  of  the  30-hour  arc  for  GPS. 

In  the  dynamical  ephemeris  solution  no  process  noise  is 
added  to  the  GPS  epoch  state  (position  and  velocity), 
since  the  dynamical  model  used  represents  accurately 
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enough  the  orbit  during  the  30-hour  data  arcs.  An 
operational  system  will  run  continuously  rather  than 
in  30-hour  discrete  steps.  This  can  be  achieved  by 
adding  a  small  amount  of  process  noise  to  cause  earlier 
data  to  fade  from  the  solution. 

For  the  nondynamical  ephemeris  adjustments,  an  ac¬ 
celeration  vector  is  added  to  the  filter  state  for  each 
GPS  with  an  independent  update  at  each  measure¬ 
ment  time.  The  constraint  at  each  measurement  time 
is  so  loose  that  the  position  solutions  for  GPS  are  es¬ 
sentially  uncorrelated. 

The  following  models  are  recommended  to  be  used  to 
obtain  a  satisfactory  nominal  trajectory: 

•  A  12  X  12  expansion  of  the  JGM-3  gravity  model 
(Watkins  et  al.  1994). 

•  Third-body  effect  for  the  Sun  and  the  Moon  only 
(Newhall,  Standish  &  Williams  1983). 

•  Solid  Earth  tide  (Wahr  1981)  and  ocean  tide 
(Nerem  1994)  models  . 

•  Direct  solar  radiation  pressure  model  (Fliegel  k 
Gallini  1992). 

No  models  for  relativistic  gravitational  effects,  Earth 
albedo  and  atmospheric  drag  perturbations  are  re¬ 
quired  for  the  GPS  constellation. 

2.2  WAAS  dynamical  orbit  determina¬ 
tion  results 

To  evaluate  WAAS  orbit  determination  strategies,  we 
selected  a  network  of  existing  GPS  tracking  stations 
was  selected  across  the  continental  U.S.  and  Canada, 
plus  Bermuda  (see  Fig.  1  and  Table  1).  These  track¬ 
ing  stations,  which  represent  the  Wide-Area  Remote 
Stations  or  WRSs  in  a  WAAS  network,  belong  to  the 
IGS  global  network  of  GPS  receivers  and  are  equipped 
with  TurboRogue  receivers  built  by  Allen  Osborne  As¬ 
sociates.  From  these  stations  real  carrier-smoothed 
pseudorange  measurements  ^  were  collected  thirty  sec¬ 
onds  apart  during  a  period  of  thirty  hours  on  January 
10-11,  1995.  The  estimation  method  selected  was  the 
one  that  implements  numerical  propagation  of  the  dy¬ 
namical  models  together  with  a  position-velocity  state 
vector  as  described  in  Sec.  2.1.  The  tropospheric  delay 

^The  TurboRogue  receivers  already  output  carrier-smooth 
pseudorange,  saving  one  step  in  the  data  processing. 


error  was  not  estimated;  in  its  place,  the  estimated  val¬ 
ues  obtained  from  the  JPL  precise  ephemerides  were 
used  The  initial  spacecraft  state  was  taken  from  the 
results  of  the  JPL  precise  orbits 

2.2.1  Comparison  with  the  JPL  precise  orbit 

We  can  assess  the  accuracy  of  the  estimated  orbits  by 
comparing  them  with  other  estimated  orbits  known 
to  be  more  precise.  In  this  case  the  results  of  the 
GPS  orbits  for  January  10,  1995,  obtained  with  the 
WAAS  network,  were  compared  with  the  JPL  precise 
GPS  orbits,  which  have  a  3-D  \-(t  accuracy  of  20  cm 
(Zumberge  et  al.  1995).  Table  2  shows  the  RMS  differ¬ 
ences  between  the  orbits  over  the  service  area  of  the 
simulated  WAAS  network  in  the  radial,  along- track, 
and  out-of-plane  orbital  components.  Carrier  phase 


The  WAAS  Dynamical  Orbit  Accuracy 

Orbit  component 

Accuracy  (m,  Icr) 

Radial 

0.65 

Cross-track 

1.37 

Long-track 

1.96 

Table  2:  The  WAAS  dynamical  orbit  accuracy.  The 
accuracy  is  established  as  the  difference  between  the 
orbit  estimated  using  the  WAAS  stations  and  dynam¬ 
ical  information  and  the  JPL  precise  orbit  over  the 
service  area  of  the  WAAS  network. 

measurements  would  substantially  improve  the  solu¬ 
tion  (Yunck  et  al.  1995),  but  they  are  not  to  be  used, 
according  to  the  WAAS  specifications  (FAA  1994). 
Post-process  smoothing  of  the  resulting  orbit  is  not 
suitable  for  a  real-time  application. 

^This  was  done  in  anticipation  of  the  user  positioning  simula¬ 
tion  presented  in  Sec.  2.3.  In  this  simulation,  the  measurements 
are  generated  using  the  precise  JPL  ephemeris.  The  use  of  the 
same  tropospheric  estimates  in  both  the  orbit  estimation  process 
and  the  user  positioning  simulation  assures  a  perfect  cancella¬ 
tion  of  the  tropospheric  delay  bias,  which,  although  of  great 
importance,  is  not  the  main  object  of  this  research. 

^Of  course,  this  cannot  be  done  in  the  real-time  application; 
however,  in  the  worst  case,  one  could  eilways  start  the  orbit  es¬ 
timation  process  with  an  initial  state  based  on  the  broadcast 
ephemerides  that  are  always  available.  Also,  the  use  of  accu¬ 
rate  dynamical  models  permits  the  propagation  of  the  orbits 
when  new  measurements  are  not  available;  in  the  case  of  the 
JPL  precise  ephemerides,  the  orbital  errors  can  remain  under 
one  meter  even  when  propagated  three  days  ahead  without  in¬ 
corporating  new  observations.  Note  that  once  the  nominal  orbit 
is  good  enough  to  linearize  the  problem,  the  solution  is  essen¬ 
tially  insensitive  to  that  nominal  orbit.  In  other  words,  any  two 
reasonable  nominal  trajectories  will  yield  the  same  estimate. 
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Figure  1:  The  WAAS  simulated  network.  The  WRSs  are  symbolized  with  diamonds.  Users  were  placed  in  the 
locations  represented  by  asterisks  as  well  as  in  the  vicinity  of  the  WMSs  with  the  exception  of  Bermuda. 


2.2.2  Comparison  with  the  broadcast  orbit 


The  dynamical  orbit  generated  with  the  WAAS  net¬ 
work  shows  a  threefold  improvement  over  the  broad¬ 
cast  orbit.  The  broadcast  orbit  for  December  10,  1995, 
was  differenced  with  respect  to  the  JPL  precise  orbit 
in  the  same  manner  as  before.  Table  3  shows  the  RMS 
differences  between  the  orbits  over  the  service  area  of 
the  WAAS  network  in  the  radial,  along-track,  and  out- 
of-plane  orbital  components. 

Given  the  high  quality  of  the  broadcast  orbit,  we 
believe  that  there  are  no  SA  effects  imposed  on 
them  (Zumberge  &  Bertiger  1996).  However,  if  SA 
were  to  degrade  the  broadcast  orbits,  an  independent 
ephemeris  source  such  as  the  one  presented  here  would 
be  imperative  to  maintain  the  accuracy  required  by 
WAAS. 


The  Broadcast  Orbit  Accuracy 

Orbit  component 

Accuracy  (m,  la) 

Radial 

1.6 

Cross-track 

2.6 

Long-track 

7.5 

Table  3:  The  broadcast  orbit  accuracy.  The  accuracy 
is  established  as  the  difference  between  the  broadcast 
orbit  and  the  JPL  precise  orbit  over  the  service  area 
of  the  WAAS  network. 

2,3  The  WAAS  user  positioning  simu¬ 
lation 

A  simulation  was  conducted  to  assess  the  improvement 
that  the  dynamical  orbit  estimation  technique  offers 
to  the  WAAS  users.  In  it,  nine  static  users  were  dis¬ 
tributed  (see  Table  1)  within  the  simulated  WAAS  net- 
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The  WAAS  Simulated  Network  Station  and  User  Locations 


Type 

4  char.  ID 

City 

Latitude  (deg) 

Longitude  (deg) 

WRS  k  USR 

ALBH 

Albert  Head 

Canada 

48.39 

-123.49 

WRS  k  USR 

ALGO 

Algonquin 

Canada 

45.96 

-78.07 

WRS 

BRMU 

Bermuda 

U.  K. 

32.37 

-64.70 

WRS  k  USR 

HARV 

Harvest  Platform 

USA 

34.47 

-120.68 

WRS  k  USR 

JPLM 

Pasadena 

USA 

34.20 

-118.17 

WRS  k  USR 

MDOl 

McDonald 

USA 

30.68 

-104.01 

WRS  k  USR 

NLIB 

North  Liberty 

USA 

41.77 

-91.57 

WRS  k  USR 

PENT 

Penticton 

Canada 

49.32 

-119.62 

WRS  k  USR 

PIEl 

Pie  Town 

USA 

34.30 

-108.12 

WRS  k  USR 

QUIN 

Quincy 

USA 

39.97 

-120.94 

WRS  k  USR 

STJO 

Saint  John’s 

Canada 

47.60 

-52.68 

WRS  k  USR 

WEST 

Westford 

USA 

42.61 

-71.49 

WRS  k  USR 

YELL 

Yellowknive 

Canada 

62.48 

-114.48 

USR 

USRl 

USA  1 

40.00 

-100.00 

USR  n 

USR2 

USA 

40.00 

-110.00 

USR 

USR3 

USA 

40.00 

-90.00 

USR 

USR4 

USA 

40.00 

-80.00 

USR 

USR5 

USA 

30.00 

-90.00 

USR 

USR6 

USA 

30.00 

-80.00 

USR 

USR7 

USA 

40.00 

-130.00 

USR 

USR8 

Canada 

50.00 

-110.00 

USR 

USR9 

Canada 

50.00 

-90.00 

Table  1:  The  WAAS  simulated  network  station  and  user  locations. 


work  depicted  in  Fig.  1,  and  another  eleven  users  were 
placed  over  twelve  of  the  thirteen  (all  but  Bermuda) 
WRSs  in  the  network. 

The  range  observables  were  created  by  computing  ge¬ 
ometric  ranges  from  the  users  to  the  GPS  satellite  po¬ 
sitions  as  prescribed  by  the  JPL  precise  ephemeris  for 
the  period  of  January  9,  1995,  23:59:50  GMT  to  Jan¬ 
uary  10,  1995,  23:58:50  GMT.  The  actual  SA  clock 
dithering  to  each  GPS  was  sampled  using  precise  GPS 
satellite  clock  solution  obtained  with  the  precise  orbits. 
The  purpose  of  the  simulation  was  to  assess  only  the 
contribution  of  the  orbit  accuracy,  in  the  presence  of 
SA  clock  dithering,  to  the  user  positioning  error  after 
performing  the  slow  and  fast  corrections.  No  measure¬ 
ment  noise  wcls  added  to  the  generated  measurements; 
no  ionospheric  delays  were  included,  and,  furthermore, 
the  tropospheric  delay  biases  were  largely  removed  by 
using  the  JPL  precise  orbit  tropospheric  bias  estimates 
for  that  day.  These  atmospheric  biases  (especially  the 
ionospheric)  are  the  dominant  error  sources,  but  are 
not  the  topic  of  interest  in  this  study. 


To  simulate  the  slow  and  fast  corrections,  the  following 
steps  were  taken: 

1.  Using  the  previously  estimated  dynamical  orbit 
from  the  WAAS  network,  the  satellite  position 
component  of  the  simulated  pseudorange  was  sub¬ 
tracted.  This  is  the  so-called  slow  correction. 
Note  that  since  the  orbit  generated  by  the  WAAS 
network  and  the  JPL  precise  orbit  differ,  some 
ephemeris  error  remains.  It  is  precisely  how  this 
ephemeris  error  combines  with  the  satellite  clock 
error  in  the  final  user  positioning  error  that  is  of 
interest  in  this  simulation.  (Recall  that  the  or¬ 
bit  and  clock  corrections  are  performed  with  real 
data.) 

2.  The  tropospheric  delay  values  that  the  JPL  pre¬ 
cise  orbit  provided  for  that  day  were  subtracted 
from  the  measurements.  Since  these  are  the  same 
values  that  went  into  the  WAAS  orbit  estimation, 
a  perfect  cancellation  took  place.  This  helps  to 
isolate  the  ephemeris  and  clock  errors. 


3.  The  GPS  fast  corrections  (dominated  by  the  SA 
imposed  on  the  clocks)  were  estimated  from  the 
measurements  once  the  slow  corrections  (and  the 
tropospheric  delay  biases)  were  removed  from  the 
WRS  data  ^ 

4.  Using  the  slow  orbit  corrections  and  the  fast  cor¬ 
rections  from  step  3,  an  estimator  was  run  to  es¬ 
timate  the  user  location.  The  coordinates  of  the 
location  were  estimated  as  white  noise  stochastic 
parameters,  essentially  solving  for  a  point  position 
independently  at  every  epoch,  as  would  be  more 
characteristic  of  a  moving  user,  e.g.,  an  airplane. 
The  standard  deviation  of  the  point  positioning 
history  was  computed  for  every  station  along  east¬ 
ern,  northern  and  vertical  components.  The  mean 
of  the  standard  deviation  of  all  stations  was  also 
computed  in  the  eastern,  northern  and  vertical 
components.  The  typical  VDOP  value  was  in  the 
order  of  1.2  . 

The  vertical  component  is  the  one  of  interest,  for  it 
is  the  hardest  to  determine  and  has  the  most  strin¬ 
gent  requirement  in  the  FAA  landing  category  specifi¬ 
cations.  Figure  2  and  Table  4  show  the  mean  standard 
deviation  of  all  the  user  positioning  error  when  using 
the  WAAS  network  dynamical  orbit,  and,  for  compar¬ 
ison,  the  results  when  using  the  broadcast  orbit.  Fig¬ 
ure  2  reflects  user  error  due  to  ephemeris  error  only, 
whereas  Table  4  reflects  the  error  due  to  ephemeris  er¬ 
ror  and  satellite  clock  error  in  the  presence  of  SA.  It 
can  be  seen  in  the  figure  that  the  WAAS  dynamical 
orbit  results  in  a  mean  standard  deviation  of  the  ver¬ 
tical  error  of  9.15  cm  la  (orbit  error  only).  It  must  be 
emphasized  that  these  results  do  not  include  the  domi¬ 
nant  source  of  error  for  single  frequency  users,  namely, 
the  ionospheric  delay.  However,  using  ionospheric  de¬ 
lay  estimation  algorithms  such  as  the  one  presented  in 
Mannucci,  Wilson  &  Edwards  (1993),  the  ionospheric 
delay  can  be  estimated  with  an  accuracy  of  half  a  me¬ 
ter  (Mannucci,  Wilson  &  Yuan  1994).  In  any  event, 
the  WAAS  dynamical  orbit  considerably  improves  the 
user  positioning  when  compared  with  the  broadcast 
orbit  that  has  a  vertical  error  of  38.6  cm  la  (orbit 
error  only).  As  Table  5  shows,  the  introduction  of  dy- 

^  A  previous  study  of  the  latency  effect  is  reported  in  Yunck 
et  al.  (1995).  In  this  study  the  effect  of  the  user  extrapolation  of 
the  last  fast  correction  under  the  effect  of  S  A  is  addressed.  The 
study  concludes  that  (after  using  different  extrapolation  tech¬ 
niques,  involving  the  use  of  pseudorange  and  combinations  of 
pseudorange  and  phase  as  well  as  linear  and  quadratic  models) 
a  linear  extrapolation  with  pseudorange  data  alone  will  not  suf¬ 
fice  and  suggest  the  introduction  of  phase  data  that  improves 
the  accuracy  by  an  order  of  magnitude. 


namical  information  prevents  the  degradation  of  the 
user  positioning  on  the  periphery  of  the  network. 


Figure  2:  Results  of  the  WAAS  user  positioning  sim¬ 
ulation.  The  numbers  show  the  mean  standard  de¬ 
viation  in  the  eastern,  northern  and  vertical  compo¬ 
nents  of  the  point  positioning  history  of  the  simulated 
WAAS  users.  The  results  obtained  with  the  WAAS 
network-generated  dynamical  orbit  (white  bars)  are 
contrasted  with  the  results  achieved  using  the  broad¬ 
cast  orbit  (dark  bars).  These  values  represent  only  the 
contribution  of  the  orbital  error  to  the  user  error. 


2.4  Conclusion 

The  dynamical  orbit  generated  with  the  simulated 
WAAS  network  results  in  user  positioning  accuracies 
that  not  only  exceed  the  requirements  of  the  FAA 
category  I  approach,  but  that  are  also  closer  in  ac¬ 
curacy  to  the  more  demanding  category  II  approach. 
The  introduction  of  dynamical  information  prevents 
the  degradation  of  the  user  solution  in  the  periphery 
of  the  network  as  is  the  case  with  nondynamical  tech¬ 
niques.  Finally,  the  ability  to  properly  separate  clock 
and  ephemeris  errors  permits  the  use  of  the  slow/fast 
scheme  that  is  demanded  in  the  FAA  WAAS  specifi¬ 
cations. 

3  Improvement  Over  Nondy¬ 
namical  Techniques 

The  dynamical  orbit  determination  contrasts  with  the 
nondynamical  technique,  in  which  an  inverted  form 
of  the  navigation  fix  solution  yields  the  instantaneous 
position  of  the  satellite,  without  introducing  dynam¬ 
ical  information.  It  also  contrasts  with  a  kinematic 


652 


The  WAAS  User  Positioning  Summary  Results 

Orbit  Tyt>e 

East  (cm,  Icr) 

North  (cm,  la) 

Vertical  (cm,  1<t) 

WAAS  Dynamical 

20.5 

25.0 

28.4 

Broadcast 

33.1 

38.5 

54.9 

Table  4:  Results  of  the  WAAS  user  positioning  simulation.  The  numbers  show  the  mean  standard  deviation  in  the 
east,  north  and  vertical  components  of  the  point  positioning  history  of  the  simulated  WAAS  users.  The  dynamical 
orbit  results  are  contrasted  with  the  ones  obtained  using  the  broadcast  orbit.  These  values  represent  the  contribution 
of  orbit  error  and  satellite  clock  error  to  the  user  positioning  error. 


technique  (Tsai  et  al.  1995)  in  which  the  first  time- 
derivative  of  the  satellite  position  error  is  also  esti¬ 
mated,  again  without  the  use  of  dynamics. 

Some  fundamentals  of  satellite  range  tracking  must  be 
understood  to  appreciate  the  superiority  of  the  dy¬ 
namical  techniques.  Orbit  estimation  sensitivity  with 
differential  techniques  as  well  as  clock  and  ephemeris 
range  bias  separation  are  among  these  fundamental 
suspects. 

3.1  Nondifferential  and  differential 
satellite  tracking 

Figure  3  shows  that  when  a  single  station  tracks  a 
satellite,  the  tracking  station  is  less  sensitive  to  along- 
and  cross-track  motion  and  mostly  senses  radial  mo¬ 
tion.  In  the  example  illustrated  in  Fig.  4,  two  stations 
difference  their  range  measurements  to  a  commonly 
viewed  satellite.  In  this  case  the  sensitivity  reverses; 
now  the  differenced  measurements  are  not  sensitive  to 
radial  displacements  (along  the  bisecting  line  of  the 
angle  subtended  by  the  satellite  and  the  stations)  but 
only  to  motion  parallel  to  the  baseline.  This  is  proven 
mathematically  (for  the  2-D  case)  in  Section  3.2. 

It  is  also  important  to  note  that  when  several  stations 
observing  a  commonly  viewed  satellite  try  to  solve  for 
the  unknowns  of  the  system,  namely,  the  position  of 
the  satellite,  its  clock  bias,  and  the  station  clock  biases, 
two  options  exist:  the  first  one  calls  for  the  elimination 
of  the  satellite  and  station  clocks  by  differencing  the 
measurements;  the  second  calls  for  solving  for  all  sys¬ 
tem  clocks  but  one,  de  facto  referencing  all  the  satellite 
and  station  clocks  to  the  one  omitted  The  first  of 

®  These  approaches  axe  mathematically  equivalent  under 
some  conditions  (Wells,  Doucet  &  Lindlohr  1986,  Grafarend 
SchafFrin  1986).  Kuang,  Schutz  &  Watkins  (1995)  show  that 
estimating  the  receiver  clock  error  and  eliminating  the  bias  by 
differencing  the  measurements  at  each  measurement  epoch  are 


these  approaches  has  performed  an  obvious  differen¬ 
tiation  of  the  measurements,  and  the  second  one  has 
performed  an  implicit  differentiation  by  referencing  all 
adjusted  clocks  to  one  held  fixed  In  both  cases  the 
relative  station  solutions  are  virtually  insensitive  to 
satellite  radial  displacements. 


3.2  The  UDRE  concept 

The  User  Differential  Range  Error  (UDRE)  is  defined 
(FAA  1994)  as  ''the  99.9%  accuracy  of  the  correc¬ 
tions  for  the  designated  satellite,  indicating  the  accu¬ 
racy  of  combined  fast  and  slow  corrections,  not  includ¬ 
ing  the  accuracy  of  the  ionospheric  corrections.  The 
ephemeris  accuracy  component  is  an  ’equivalent’  range 
accuracy  for  the  worst  location  in  the  coverage  region.” 
The  combined  error  due  to  slow  and  fast  corrections 
will  be  smaller  than  the  absolute  range  error  from  just 
the  slow  ephemeris  error  (Yunck  et  al.  1995).  The 
ephemeris  component  of  the  UDRE  can  be  calculated 
by  computing  the  sensitivity  of  the  range  measurement 
to  the  satellite  position.  According  to  Fig.  5,  it  can  be 
shown  (Yunck  et  al.  1995)  that  the  sensitivities  of  the 
range  with  respect  to  satellite  height  H  and  lateral 


mathematically  equivalent,  provided  that  no  a  priori  clock  in¬ 
formation  is  used  in  the  undifferenced  case  and  all  receivers  see 
the  same  satellites. 

^Consider  the  example  in  which  two  tracking  stations  of 
known  positions  obtain  range  measurements  to  a  commonly  vis¬ 
ible  satellite.  The  system  contains  five  unknowns,  namely,  the 
three  components  of  the  satellite  position,  its  clock  bias  and  the 
two  station  clock  biases.  In  the  second  case,  the  two  measure¬ 
ments  from  stations  to  satellite  are  not  differenced,  one  reference 
station  is  selected  and  its  clock  bias  is  eliminated  from  the  list 
of  unknowns.  This  leaves  two  measurements  and  five  unknowns 
or  a  5  -  2  =  3  deficiency.  In  the  first  case  mentioned,  the  two 
measurements  are  differenced,  reducing  the  number  of  measure¬ 
ments  to  one,  eliminating  the  satellite  clock  and  leaving  the 
difference  between  station  clocks  as  an  unknown  together  with 
the  satellite  position.  Again,  an  identical  4-1  =  3  deficiency 
exists. 
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The  WAAS  User  Simulation  Results 

4  char.  ID 

East  (cm,  Icr) 

North  (cm,  Ic) 

Vertical  (cm,  la) 

ALGO 

17.7 

22.1 

27.0 

NLIB 


PENT 


PIEl 


USRl 


USR2 


USR8 


USR9 


ALBH 


JPLM 


MDOl 


QUIN 


STJO 


USR5 


USR6 


USR7 


WEST 


YELL 


Table  5:  Results  of  the  WAAS  user  positioning  simulation.  The  numbers  show  the  standard  deviation  in  the  eastern, 
northern  and  vertical  components  of  the  point  positioning  history  of  the  simulated  WAAS  users.  The  first  block 
shows  the  users  inside  the  network  whereas  the  second  block  show  the  peripheral  users. 


position  L  are  given  by 


-y  =  cos^ 


-j^  =  sin  0 


where  9  is  the  angle  between  the  line  of  sight  of  user 
u  to  satellite  k  and  the  direction  of  line  h. 

Since  the  GPS  satellites  orbit  at  a  high  altitude,  the 
angle  6  is  small  (less  than  14  degrees);  hence,  the  non¬ 
differential  User  Range  Error  (URE)  is  more  sensitive 
to  changes  in  radial  position  of  the  satellite  than  to 
along-  and  cross-track  changes.  However,  in  the  dif¬ 
ferential  case  the  opposite  is  true.  That  is  to  say,  the 
range  difference  between  the  users  u  and  monitor  sta¬ 
tion  m  (see  Fig.  6)  is  more  sensitive  to  along-track 
satellite  motion  than  to  radial  motion.  Mathemati¬ 
cally  the  sensitivities  of  the  differential  range  are  given 
(for  the  2-D  case)  by  the  difference  of  the  partials  of 
Ty  and  as  given  by  Eqs.  (1)  and  (2).  The  maximal 


sensitivity  of  the  differential  range  Ar, 

Ar=|  -r*  I  , 

to  a  radial  error  occurs  in  the  configuration  depicted  in 
Fig.  6,  where  the  monitor  receiver  m  is  directly  below 
the  satellite  and  the  user  u  is  located  at  the  maximal 
distance  possible  (?5:i  7430  km).  This  results  in  the 
angle  6  «  13.8®.  Therefore,  the  sensitivities  of  the 
differential  range  for  this  worst  case  are  given  by 


that  the  sensitivity  to  the  lateral  component  of  the 
ephemeris  error  is  eight  times  greater  than  the  radial 
component;  a  1-m  error  in  the  radial  ephemeris  com¬ 
ponent  causes  a  3-cm  error  in  the  differential  range. 
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Figure  3:  NondifFerential  GPS  tracking  sensitivity.  A 
single  satellite  is  being  tracked  by  a  monitor  station 
m.  The  station  cannot  distinguish  between  positions 
a  and  c  (lateral  motion),  and  can  only  sense  vertical 
motion  such  as  changes  from  position  a  to  position  b. 

whereas  a  l~m  error  in  the  lateral  ephemeris  compo¬ 
nent  (along-track)  causes  a  24-cm  error  in  the  differen¬ 
tial  range.  On  the  other  hand,  the  worst  case  for  the 
lateral  sensitivity  occurs  when  the  satellite  is  located 
in  the  mid-point  distance  between  the  monitor  station 
and  the  user,  and  the  monitor  station  and  the  user 
are  located  at  both  sides  of  the  Earth’s  limb  as  viewed 
by  the  satellite.  In  this  case  a  1-m  ephemeris  lateral 
(along-track)  error  with  a  7420-km  baseline  between 
stations  results  in  34-cm  differential  range  error.  The 
radial  and  cross-track  (in  3-D)  sensitivities  would  be 
zero  in  this  case. 

With  dynamical  orbit  estimation,  the  radial  orbit  error 
is  generally  smaller  than  the  horizontal  error.  That, 
combined  with  the  overall  reduced  sensitivity  of  UDRE 
to  the  radial  component,  makes  the  absolute  radial 
orbit  error  a  relatively  unimportant  contributor  to  the 
UDRE. 

3.3  Separation  of  ephemeris  and  clock 
biases 

Another  important  aspect  of  the  orbit  estimation 
problem  is  the  separation  of  satellite  position  errors 
and  clock  errors.  A  station  tracking  an  orbiting  satel¬ 


Figure  4:  Differential  GPS  tracking  sensitivity.  A 
single  satellite  is  being  tracked  by  a  couple  of  sta¬ 
tions  mi ,  1712  that  combine  their  individual  range  mea¬ 
surements  to  form  a  differential  range  measurement 
Apmi  3.  The  differential  range  is  insensitive  to  radial 
satellite  motion  (position  change  from  a  to  6),  and  can 
only  sense  transverse  motion  (position  change  from  a 
to  c). 

lite  with  range  measurements  over  a  period  of  time  can 
use  the  fact  that  the  satellite  moves  in  a  dynamically 
prescribed  orbit  to  measure  the  orbital  period.  This 
period  is  related  (directly  in  the  case  of  a  circular  or¬ 
bit)  to  the  orbiting  altitude  of  the  satellite.  This  extra 
information  can  be  used  to  determine  what  portions 
of  the  range  bias  are  due  to  ephemeris  errors  versus 
clock  errors.  If  the  satellite  dynamics  is  ignored,  dis¬ 
tinguishing  the  biases  becomes  difficult,  and  only  the 
sum  of  the  two  contributions  can  be  accurately  esti¬ 
mated.  This  concept  is  illustrated  in  Fig.  7. 

If  one  solves  nondynamically  for  orbit  and  clock  pa¬ 
rameters,  the  error  ellipsoid  of  the  orbit  solution  is 
prolate  in  the  differential  mode;  that  is,  there  is  more 
error  in  the  radial  direction  (the  direction  that  cannot 
be  observed)  than  in  the  cross-  or  along-track  direc¬ 
tions.  When  dynamical  information  is  incorporated 
into  the  problem,  the  uncertainty  of  the  radial  compo¬ 
nent  of  the  orbit  is  readily  constrained  by  Newtonian 
motion.  Although  the  radial  component  is  poorly  ob¬ 
served,  it  is  related  to  the  two  other  observed  compo¬ 
nents  by  dynamical  relationships.  In  this  (dynamical) 
case,  the  ellipsoid  error  assumes  an  oblate  shape  as  the 
results  shown  in  Tables  2  and  3  confirm. 
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Figure  5:  Sensitivities  of  the  URE  and  UDRE  due  to 
radial  L  and  lateral  H  ephemeris  errors. 

When  no  dynamical  information  is  used,  it  is  better  to 
follow  the  strategy  that  the  Stanford  University  uses, 
in  which  ephemeris  errors  and  clock  biases  are  solved 
simultaneously  in  the  fast  correction.  Although  the 
individual  estimates  of  these  parameters  are  not  accu¬ 
rate,  because  of  compensating  correlations,  the  over¬ 
all  pseudorange  correction  is  very  satisfactory,  as  the 
Stanford  flight  trials  show  (Walter  et  al.  1994).  In 
fact,  a  simulation  shows  that  when  no  dynamical  in¬ 
formation  is  used,  and  a  separated  slow/fast  correction 
scheme  is  exercised,  the  vertical  error  (just  due  to  orbit 
error)  is  on  the  order  of  500  cm  (Icr)  with  a  noticeable 
degradation  on  the  periphery  of  the  network  This 
result  is  contrasted  in  Table  6  with  the  much  better 
results  obtained  in  the  Stanford  University  simulation 
and  flight  trials  (Walter  et  al.  1994). 

The  algorithm  implemented  by  Stanford  University 
in  its  flight  trials  makes  use  of  a  minimum-norm  so- 


®Note  that  the  fast  correction  will  always  absorb  part  of  the 
ephemeris  error  that  is  left  after  the  slow  correction  is  applied. 


.Figure  6:  The  worse  case  of  UDRE  due  to  radial  error 
occurs  when  the  monitor  station  is  below  the  tracking 
satellite  and  the  user  is  located  at  the  Earth ^s  limb. 


lution  without  a  priori  constraints  on  the  ephemeris 
and  clock  errors  (Ceva  1995,  Tsai  et  al.  1995).  On 
the  other  hand,  the  Stanford  simulation  presented  in 
Pullen,  Enge  &  Parkinson  (1995),  which  considers  a 
network  that  spans  the  continental  U.S.,  makes  use 
of  a  priori  orbit  constraints  and  uses  a  Kalman  fil¬ 
ter  implementation.  The  fact  that  a  priori  orbit  con¬ 
straints  are  needed  with  a  wide-area  network  in  the 
absence  of  satellite  dynamics  is  consistent  with  the  re¬ 
sults  obtained  here.  Suffice  to  say  that  when  a  pri¬ 
ori  constraints  of  a  few  meters  are  added  to  the  non- 
dynamical  orbit  estimation,  the  3-D  RSS  of  the  orbit 
error  (as  compared  with  the  JPL  precise  ephemerides) 
is  on  the  order  of  9  meters.  (That  contrasts  with  a 
3-D  RSS  orbital  error  of  200  meters  when  no  a  priori 
constraint  is  applied.) 
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User  Positioning  Accuracy  with  a  Nondynamical  Orbit  Estimation 

Stanford  University 
Simulation  (cm,  2cr) 

Stanford  University 

Flight  Trials  (cm,  2a) 

Slow/ Fast  Correction 
Simulation  (cm,  la) 

340 

300 

571 

Table  6:  User  positioning  accuracy  with  a  nondynamical  orbit  estimation.  The  Stanford  University  simulation  and 
flight  trials,  in  which  ephemeris  and  clock  parameters  are  solved  simultaneously,  are  contrasted  with  the  results  of 
a  simulation  in  which  the  ephemeris  and  clock  errors  are  solved  using  a  slow/fast  correction  scheme.  The  Stanford 
University  approach  proves  much  superior  when  a  nondynamical  orbit  estimation  is  implemented. 


Figure  7:  Dynamical  vs.  nondynamical  orbit  estima> 
tion.  The  dynamical  information  can  be  used  to  de¬ 
termine  what  portions  of  the  range  bias  are  due  to 
ephemeris  errors  versus  clock  errors. 


3.4  Conclusion 


Differential  techniques  lose  sensitivity  to  radial  orbital 
errors  and  can  benefit  from  dynamical  information  to 
help  recover  the  information  missing  from  the  observed 
transverse  components.  The  ephemeris  contribution 
to  UDRE  is  dominated  by  the  lateral  (along-track) 
ephemeris  errors  and  not  radial  ephemeris  error.  As 
mentioned  in  Sec.  2.3,  the  ability  to  separate  clocks 
and  ephemeris  errors  permits  the  use  of  the  slow/fast 
scheme  that  is  required  in  the  FAA  WAAS  specifica¬ 
tions.  The  ability  to  separate  these  two  error  sources 
adds  integrity  to  the  system  by  enabling  the  detection 
and  identification  of  errors  in  the  estimates  of  either 
ephemeris  or  clock  biases. 


4  The  Real-Time  Aspect 

The  WAAS  must  operate  in  real-time.  In  the  case 
of  the  slow  corrections,  they  must  be  broadcast  ev¬ 
ery  five  minutes  That  means  that  the  corrections 
must  be  computed,  verified,  packaged  and  broadcast 
in  less  than  five  minutes.  (The  orbits,  however,  could 
be  computed  much  less  often.) 

Table  7  shows  the  computational  times  of  the  complete 
algorithm  implemented  on  an  HP  9000/755  worksta¬ 
tion  with  a  26-Megaflops  (Megaflop  per  second)  perfor¬ 
mance.  The  computational  times  presented  do  not  in¬ 
clude  estimates  of  the  time  that  the  system  will  require 
for  data  validation,  verification,  and  input /output  pro¬ 
tocols. 

The  assumptions  in  the  calculations  presented  are: 

1.  Orbit  integration. 

(a)  Integration  of  24  GPS  satellites  with  the  full 
model  described  in  Section  2.1. 

2.  Slow  correction  generation. 

(a)  9  state  parameters  for  each  of  the  27  satel¬ 
lites  (24  GPS  satellites  and  3  GEO  satellites) 
i.e.,  position,  velocity,  clock,  Y  bi2is  and  solar 
scale  factor. 

(b)  2  state  parameters  for  each  of  the  24  WRSs 
i.e.,  clock  and  tropospheric  bias. 

3.  The  fast  (pseudorange)  correction. 

(a)  24  GPS  satellites. 

(b)  24  WRSs  with  12^channel  receivers. 

®The  only  reason  they  have  to  be  updated  so  often  is  that 
they  are  in  the  form  of  x,y,z  (position)  corrections,  which  are 
valid  for  only  a  short  time.  If  they  were  in  the  form  of  corrections 
to  broadcast  orbital  parameters,  they  could  be  updated  much 
less  frequently. 
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Computational  Times 

Task 

Execution  Time 

Integrate  24  orbits  for  5  min; 
Compute  predicted  pseudoranges 

<  0.5  sec 

Slow  (5  min)  orbit  corrections 
(pseudorange  only) 

<  1.9  sec 

Slow  (5  min)  orbit  corrections 
(pseudorange  and  phase) 

<  20  sec 

1  sec  fast  pseudorange  correction 

<  50  msec 

Table  7:  Computational  times  on  HP  9000/755  work¬ 
station. 

It  can  be  seen  that  the  ephemeris  prediction  and  slow 
correction  calculation  take  (not  including  data  valida¬ 
tion,  verification,  and  input/ouput  protocols)  less  than 
2.5  seconds  with  pseudorange  processing  only.  Since 
the  dynamical  solution  can  be  propagated  into  the  fu¬ 
ture  for  hours  with  little  loss  of  accuracy,  the  esti¬ 
mate  from  the  previous  (rather  than  the  current)  five- 
minute  interval  would  be  broadcast.  The  2.5-second 
orbit  computation  would  thus  add  no  latency  to  the 
message  generation. 

The  packing  (on  a  486-60  PC)  and  transmission  times 
of  the  correction  message  can  be  based  on  the  Stan¬ 
ford  experience  (Walter  et  al.  1994),  where  the  whole 
RTCA  SC  159  WAAS  message  is  sent  in  27  millisec¬ 
onds. 

Finally  it  is  important  to  note  that  although  the  state- 
of-the-art  models  used  in  the  dynamical  orbit  estima¬ 
tion  are  very  sophisticated,  they  are  well  understood 
and  the  computational  time  that  they  demand  easily 
meets  the  WAAS  specification. 

5  Summary  of  Conclusions 

5.1  Summary  of  conclusions 

•  A  nine-state  vector,  i.e.,  position,  velocity,  clock 
bias,  Y  bias  and  solar  pressure  scaling  factor  can 
accurately  characterize  the  GPS  satellites  orbits 
over  many  hours. 

•  A  continental  U.S.  WAAS  network  can  estimate 
GPS  orbits  that  are  a  factor  of  three  better  than 
the  current  uncorrupted  broadcast  orbits. 

•  The  orbit  accuracy  improvements  lead  to  a  user 


positioning  improvement  of  a  factor  of  four  over 
the  broadcast  orbits  (excluding  nonephemeridal 
errors).  When  SA-dithered  clock  errors  are  added 
the  improvement  is  twofold. 

♦  With  the  use  of  dynamics  in  the  orbit  estimation 
process,  the  ephemeris  and  clock  biases  can  be 
properly  separated,  thus  accommodating  the  FAA 
WAAS  scheme  of  slow  and  fast  corrections. 

♦  The  orbital  dynamical  models  implemented  per¬ 
mit  the  propagation  of  the  last  orbital  estimate, 
to  allow  future  predictions  without  new  measure¬ 
ments,  hours  ahead  with  little  or  no  loss  of  accu¬ 
racy.  This  indicates  that  less  sophisticated  mod¬ 
els,  whose  predictions  would  be  good  for  tens  of 
minutes,  could  be  used  in  a  WAAS  scenario. 

♦  The  ability  to  separate  ephemeris  biases  from 
clock  biases  adds  integrity  to  the  system  by  intro¬ 
ducing  the  capability  to  detect  and  identify  errors 
in  the  estimate  of  either  parameter. 

♦  The  dynamical  orbit  estimation  process,  the  slow 
correction  generation,  and  its  broadcast  can  be 
done  in  2.5  seconds  on  an  HP  9000/755  work¬ 
station  with  a  26-Megaflops  performance.  This 
estimate  does  not  include  the  time  that  the  sys¬ 
tem  will  require  for  data  validation,  verification, 
and  input/ouput  protocols.  Since  the  orbits  can 
be  accurately  propagated  ahead,  the  dynamical 
orbit  estimation  process  adds  no  latency  to  the 
slow  message  generation. 
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ABSTRACT 

The  Wide  Area  Augmentation  System  (WAAS)  will 
augment  GPS  by  broadcasting: 

•  additional  ranging  signals  from  geostationary 
satellites. 

•  integrity  data  for  each  satellite 

•  multiple-component  differential  corrections  for 
each  satellite 

The  ranging  function  will  improve  the  availability  and 
reliability  of  the  position  fix;  the  integrity  data  will 
improve  the  safety  of  the  fix;  and  the  differential  GPS 
corrections  will  provide  non-precision  and  Category  I 
precision  approach  capability. 

The  WAAS  data  format  was  designed  by  Working 
Group  2  of  RTCA  Special  Committee  159,  and  is  gain¬ 
ing  wide  acceptance  as  the  standard  for  WAAS  trans¬ 
missions.  This  remarkable  format  allows  for  the  broad¬ 
cast  of  differential  corrections  and  integrity  data  on 
the  GPS-like  ranging  signal.  As  such,  it  must  pack 
this  data  into  250  bits/second,  because  higher  data 
rates  would  require  higher  signal  powers  which  might 
interfere  with  GPS. 

This  paper  is  the  first  to  report  on  a  nearly  full  imple¬ 
mentation  of  the  RTCA  data  format.  It  is  based  on  the 
experimental  WAAS  flight  system  maintained  by  Stan¬ 
ford  University  for  the  FA  A.  The  paper  describes  the 


separation. of  the  error  components,  message  schedul¬ 
ing  and  packing,  and  flight  results. 


1  Introduction 

The  Wide  Area  Augmentation  System  (WAAS)  con¬ 
sists  of  a  signal-in-space  and  a  ground  network  [1][2][8]. 
The  signal-in-space  carries  GPS  integrity  and  correc¬ 
tion  data  to  users  and  also  provides  a  ranging  signal 
that  augments  the  primary  GPS  constellation.  Ini¬ 
tially,  the  WAAS  signal  will  be  broadcast  to  users  from 
geostationary  satellites. 

The  Wide  Area  Augmentation  System  will  augment 
GPS  so  that  it  can  be  used  as  the  primary  navigation 
sensor  for  enroute  through  precision  approach  air  nav¬ 
igation.  The  WAAS  augments  GPS  with:  additional 
ranging  signals  from  the  geostationary  satellites,  as 
well  as  differential  corrections  and  donH  use  messages 
contained  in  the  WAAS  data  stream.  Taken  together, 
the  differential  corrections  and  the  improved  geometry 
will  improve  nominal  user  accuracy  to  better  than  8 
meters  (2drms)  in  the  vertical,  which  is  adequate  for 
aircraft  Category  I  precision  approach.  The  integrity 
data  will  improve  user  safety  by  flagging  GPS  satel¬ 
lites  whose  incorrect  behavior  cannot  be  ameliorated. 
In  fact,  the  WAAS  can  deliver  health  warnings  to  the 
pilot  within  6  seconds  of  a  GPS  satellite  malfunction. 

The  WAAS  data  format  was  designed  by  Working 
Group  2  of  RTCA  Special  Committee  159,  and  is  gain¬ 
ing  wide  acceptance  as  the  standard  for  WAAS  trans¬ 
missions.  This  remarkable  format  allows  for  the  broad¬ 
cast  of  vector  differential  corrections  and  integrity  data 
on  the  GPS-like  ranging  signal.  As  such,  it  must  pack 
this  data  into  250  bits/second,  because  higher  data 
rates  would  require  higher  signal  powers  which  might 
interfere  with  GPS  signals. 
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To  date,  studies  on  vector  corrections  of  GPS  signals 
for  prototypes  of  WA AS  have  demonstrated  the  poten¬ 
tial  to  achieve  vertical  positioning  accuracy  of  2-3  me¬ 
ters  or  better  [2].  Simulation  results  on  coverage  pre¬ 
diction  show  WAAS  meets  the  accuracy  requirements 
over  a  large  area  [5].  Experimental  data,  which  include 
static  and  dynamic  test  environments,  collected  us¬ 
ing  wide-area  reference  stations  several  hundred  miles 
away  from  the  user  site  further  confirm  Category  I  ac¬ 
curacy  is  achievable  [3]  [4]. 

The  WAAS  takes  advantages  of  the  characteristics  of 
the  error  components  of  the  pseudorange  errors.  Satel¬ 
lite  clock  errors,  mostly  from  Selective  Availability 
(SA),  are  varying  much  faster  than  satellite  ephemeris 
errors.  It  is  crucial  to  be  able  to  separate  these  two 
components  because  the  WAAS  data  capacity  is  lim¬ 
ited  to  250  bps.  Therefore,  efficient  scheduling  of  mes¬ 
sage  based  on  successful  fast/slow  separation  enables 
the  maximal  usage  of  GEO  navigation  payloads. 

This  paper  presents  the  Stanford  WMS  algorithm  for 
separating  satellite  location/ clock  error.  To  date,  our 
approach  to  estimate  the  satellite  location/clock  errors 
takes  no  advantage  of  well-understood  models  of  GPS 
satellite  dynamics.  As  such,  it  does  not  provide  an  ac¬ 
curate  estimate  of  the  satellite  ephemeris.  However,  it 
does  provide  an  estimate  of  the  satellite  location  which 
is  helpful  for  users  located  inside  the  network  cover¬ 
age  area.  Current  research  [13]  strives  to  improve  the 
overall  performance  of  WAAS  by  incorporating  satel¬ 
lite  dynamic  information. 

To  our  knowledge,  this  paper  is  the  first  one  to  re¬ 
port  on  a  nearly  full  implementation  of  the  RTCA 
data  format.  It  is  based  on  the  experimental  WAAS 
flight  system  maintained  by  Stanford  University  for 
the  FA  A.  Section  2  describes  the  RTCA  message  for¬ 
mat,  including  integrity,  fa.st/slow  corrections,  masks 
and  geostationary  satellite’s  navigation  message.  Sec¬ 
tion  3  discusses  Stanford’s  WMS  algorithm  in  estimat¬ 
ing  satellite’s  location/clock  errors.  Section  4  gives  a 
brief  description  of  message  packing  and  scheduling. 
In  Section  5,  we  will  present  both  the  static  test  re¬ 
sults,  using  the  receiver  at  Stanford  campus  as  a  pas¬ 
sive  user.  Also,  we  will  show  the  flight  test  results 
at  Palo  Alto  and  Livermore  airport.  Finally,  we  will 
summarize  and  give  conclusions  in  Section  6. 


2  RTCA  Message  Format 

For  each  GPS  satellite,  the  WAAS  message  contains 
separate  corrections  for  the  quickly  varying  component 


of  the  pseudorange  error  (mostly  satellite  clock)  and 
the  slowly  varying  component  of  the  pseudorange  error 
(mostly  satellite  location).  The  WAAS  message  also 
carries  estimates  of  the  vertical  ionospheric  delay  for 
a  grid  of  locations. 

The  basic  WAAS  message  is  250  bits  in  length.  At  the 
data  rate  of  250  bps,  the  duration  of  a  WAAS  message 
is  one  second,  and  the  start  of  the  message  block  is 
synchronous  with  a  six  second  GNSS  time  epoch.  Each 
block  consists  of:  an  8  bit  (distributed)  preamble,  a  6 
bit  message  type,  a  212  bit  data  field,  and  a  24  bit 
CRC  parity. 

The  preamble  is  a  24-bit  unique  word,  distributed  over 
3  successive  blocks.  An  8-bit  preamble  is  adequate 
because  the  WAAS  message  is  one  second  in  duration 
and  remains  in  synchronism  with  the  GPS  time  epoch 
of  six  seconds.  The  message  type  field  is  6  bits  long, 
which  allows  for  64  diflferent  messages.  The  currently 
defined  message  types  are  summarized  in  Table  1. 


Type 

Contents 

Used 

0 

Don’t  use  GEO  for  anything  (for  testing) 

no 

1 

PRN  mask  assignments 

yes 

2 

Fast  pseudorange  error  estimates 

yes 

3-8 

Reserved  for  future  messages 

no 

9 

GEO  navigation  message 

no 

10-11 

Reserved  for  future  messages 

no 

12 

WAAS  Network/UTC  offset  parameters 

no 

13-16 

Reserved  for  future  messages 

no 

17 

GEO  satellite  almanacs 

no 

18 

Ionospheric  pierce  point  mask  1 

yes 

19 

Ionospheric  pierce  point  mask  2 

yes 

20 

Ionospheric  pierce  point  mask  3 

no 

21 

Ionospheric  pierce  point  mask  4 

no 

22 

Ionospheric  pierce  point  mask  5 

no 

23 

UDRE  zone  radii  and  weights 

no 

24 

Mixed  fast/long-term  satellite  errors 

no 

25 

Long-term  satellite  error  estimate 

yes 

26 

Ionospheric  delay  error  estimate 

yes 

27-63 

Reserved  for  future  messages 

no 

Table  1:  WAAS  Message  Types 


The  WAAS  message  format  serves  an  extremely  ambi¬ 
tious  goal:  provide  Category  I  precision  approach  ac¬ 
curacy  over  a  continental  area  using  only  a  data  rate  of 
250  bits  per  second.  Indeed,  greater  bit  rates  would  re¬ 
quire  the  received  signal  power  from  the  geostationary 
WAAS  satellites  to  be  greater  than  the  received  power 
from  the  GPS  satellites  -  an  undesirable  outcome.  Yet 
the  WAAS  message  stream  must  carry  corrections  for 
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all  24  GPS  satellites  and  any  GNSS  satellites  in  or¬ 
bit.  In  contrast,  local  area  DGPS  data  links  typically 
use  100  bits  per  second  or  more  to  provide  a  similar 
capability  to  ranges  of  two  or  three  hundred  kilome¬ 
ters.  Moreover,  local  links  need  only  carry  corrections 
for  the  6  to  12  satellites  which  are  in  view  of  a  single 
reference  station. 

The  details  of  the  WAAS  message  format  are  given 
in  [8].  However,  the  WAAS  message  format  basically 
achieves  highly  efficient  use  of  very  limited  capacity  as 
follows. 

Fast  and  Slow  Corrections  Fast  correction  mes¬ 
sages  carry  the  quickly  varying  component  of  the  pseu¬ 
dorange  errors  for  each  satellite  (mostly  clock  error). 
They  will  also  carry  the  use/donH  use  integrity  data 
for  each  GPS  satellite.  As  such,  they  must  be  sent 
much  more  frequently  than  any  other  message  (every 
6  to  10  seconds),  but  they  do  not  decorrelate  spatially. 
Consequently,  a  single  fast  correction  per  satellite  suf¬ 
fices  for  the  entire  footprint  of  the  WAAS  satellite. 
The  GPS  error  components  which  vary  more  slowly 
are  separated  and  sent  much  less  frequently. 

No  Rate  Corrections  Unlike  most  local  area 
DGPS  data  formats,  the  WAAS  carries  no  rate  correc¬ 
tions  for  the  quickly  varying  component  of  the  satellite 
error.  As  shown  in  [10],  it  is  more  efficient  for  the  user 
receiver  to  estimate  the  rate  by  differencing  the  most 
recent  fast  corrections. 

Masks  A  mask  is  used  to  designate  which  satellite 
belongs  to  which  slot  in  the  fast  correction  messages. 
A  mask  is  used  to  assign  slots  so  that  satellite  identi¬ 
fications  need  not  be  sent  with  every  fast  correction. 
A  similar  ionospheric  mask  is  used  to  associate  each 
slot  in  the  ionospheric  correction  message  with  a  geo¬ 
graphic  location. 

Geostationary  Navigation  Message  In  contrast 
to  the  GPS  satellites,  the  WAAS  satellites  are  geosta¬ 
tionary;  so  their  location  need  only  be  updated  every 
2  minutes  or  so. 

Parity  The  WAAS  uses  a  much  stronger  parity  al¬ 
gorithm  than  the  extended  Hamming  code  used  in 
the  GPS  navigation  message  (and  typically  used  for 
the  transmission  of  differential  corrections).  To  re¬ 
duce  the  probability  of  failing  to  detect  a  bit  error, 
the  parity  scheme  uses  24  bits  and  thus  reduces  the 


Figure  1:  Block  Diagram  of  Stanford  Satellite  Loca¬ 
tion/Clock  Estimator 

probability  of  failing  to  detect  an  interference  burst  to 
2“^^  =  5.96 X 10”®.  In  contrast,  GPS  adds  6  parity  bits 
to  every  24  data  bits  for  an  overhead  of  6/30  =  0.20. 
The  WAAS  overhead  is  24/250  «  0.096. 

3  Satellite  Location/Clock  Es¬ 
timator 

The  Wide  Area  Reference  Station  (WRS)  uses  dual 
frequency  receiver  to  estimate  the  ionospheric  delay 
and  weather  station  to  estimate  the  tropospheric  de- 
lay  [3].  Processing  of  these  ionospheric  delay  data  to 
generate  a  “grid”  of  ionospheric  estimates  is  described 
in  [11]  [12].  This  paper  will  focus  on  the  estimation  of 
satellite  location  and  clock  errors. 

The  Wide  Area  Master  Station  (WMS)  receives  the 
following  iono  and  tropo-free^  carrier-smoothed  pseu¬ 
dorange  residuals  from  the  reference  stations 

{{Apt  =  Ar*' .  +  A6„  -  A5*’  +  (1) 
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In  this  equation,  the  Ar^  and  the  AB^  are  the  esti- 
manda  of  interest.  Estimates  of  these  parameters  will 
be  broadcast  to  the  users.  In  contrast,  the  user  has  no 
interest  in  the  reference  station  clock  offsets  (A6^). 
However,  these  nuisance  parameters  must  still  be  es¬ 
timated  by  the  master  station  to  yield  an  accurate 
estimate  of  the  data  of  interest.  Finally,  the  is  the 
measurement  noise. 

For  the  time  being,  the  Stanford  WMS  uses  the  simpler 
strategy,  as  shown  in  Figure  1,  which  estimates  the 
satellite  location/ clock  errors  directly  as  described  in 
the  following  paragraphs. 

Common  view  time  transfer  [6]  is  used  to  remove  the 
WRS  clock  offsets  from  the  measurements  as  follows 

^Pt,M  =  Ap^^-Abm,M 

=  Ar*'  •  +  v!^  (2) 

After  the  WRS  clock  offsets  are  removed,  the  obser¬ 
vation  equations  are  uncoupled  and  synchronized  to 
master  clock.  In  other  words,  the  observations  which 
depend  on  the  clock  and  location  errors  of  the 
satellite  do  not  depend  on  the  clock  or  location  errors 
of  any  other  satellite. 

A  single  difference 

^m,M  =  ^Pm  ~  ^Pm 

=  Ar'^  ■  -  i'^m)  +  vt,_M  (3) 

is  then  used  to  remove  the  satellite  clock  offsets  from 
the  mecLSurements.  At  this  point,  the  reduced  obser¬ 
vations  only  depend  on  the  location  errors  (Ar^)  for 
the  given  satellite.  The  linear  system  of  Eqn.(3)  can 
be  rewritten  in  a  more  compact  formula.  Define  z,  G 
and  V  such  that 

z  =  G  •  Ar*  +  V  (4) 


A  simple  linear  estimator  is  used  to  estimate  the  three 
components  of  satellite  location  error.  If  the  satellite 
of  interest  is  only  in  view  of  three  or  fewer  WRSs,  then 
a  minimum  norm  solution  is  used.  If  the  satellite  is  in 
view  of  four  or  more  WRSs,  then  an  a  priori  covariance 
A  =  £'[Ar^(Ar*)^]  for  the  satellite  location  error  is 
included  in  the  estimator’s  cost  function  and  recursive 
minimum  variance  estimator  [15]  [16]  which  minimizes 
the  error  covariance  is  used.  This  is  described  in  the 
following  equation 


r  G^(GG^)-i.z  ^7M<4 

\  AG^(R  +  GAG^)"!  •  z  ifM  >  4 


(5) 


The  location  error  estimates  are  subtracted  from  the 
original  observations,  which  are  then  used  to  estimate 
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Figure  2:  Satellite  Location/Clock  Error  Estimates  for 
PRN  6.  Shown  here  are  the  radial,  along  track  and 
cross  track  errors  and  clock  errors.  Post-processed  pre¬ 
cise  ephemeris  are  plotted  as  dashed  lines. 


the  satellite  clock  offsets  as  follows 
1  ^ 

AB'^  =  -J2(^^’‘-'^'m-Apt,M)  (6) 

m  —  l 


A  simple  kinematic  orbit  model  is  used  for  satellite  lo¬ 
cation  error.  We  use  the  satellite  clock  error  from  pre¬ 
vious  snapshot  estimator  to  derive  the  measurement 

=  A^,m  +  (7) 

The  process  and  measurement  models  are  described  by 
the  following  equations 

yio{k  +  1)  =  +  Bo(fe)viro(fc)  (8) 

Zo{k)  ~  Ho(fc)xo(Ar)  -f  Vo{k)  (9) 

We  then  use  a  Kalman  filter  implementation  to  esti¬ 

mate  Xo(Ar),  which  includes  satellite  location  and  ve¬ 
locity  errors.  The  estimates  Xo(fc)  are  subtracted  from 
the  original  observations,  which  are  then  used  to  form 
the  measurements  for  satellite  clock  error  as  follows 

=  r*  •  Im  -  (10) 
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Figure  3:  Satellite  Location/Clock  Error  Estimates  for 
PRN  20.  Shown  here  are  the  radial,  along  track  and 
cross  track  errors  and  clock  errors.  Post-processed  pre¬ 
cise  ephemeris  are  plotted  as  dashed  lines. 


A  second  order  Gauss  Markov  process  model  [14] 


are  different  from  post-processed  precise  ephemeris. 
However,  these  location  estimates  do  provide  an  es¬ 
timate  of  the  satellite  location  which  is  helpful  for 
users  located  inside  the  reference  stations.  Current  re¬ 
search  [13]  strives  to  improve  the  overall  performance 
of  WAAS  by  incorporating  satellite  dynamic  informa¬ 
tion. 

4  WAAS  Message  Scheduling 
and  Packing 

WAAS  message  broadcast  is  limited  at  250  bps  and 
there  are  only  212  bits  data  field  for  corrections  to 
be  put  in.  Therefore,  it  is  important  to  schedule  the 
message  broadcast  efficiently,  while  at  the  same  time 
users  just  acquiring  WAAS  must  have  a  short  time  to 
first  fix  (TTFF). 

Our  message  scheduler  is  based  on  the  receiver  in  our 
laboratory  which  is  used  as  a  passive  user  to  receive 
and  decode  WAAS  messages.  This  passive  user  gen¬ 
erates  predictions  for  the  satellite  clock  and  location 
error  predictions  using  decoded  messages.  As  such, 
correction  latency  because  of  message  broadcast  and 
precision  loss  because  of  fixed  data  bits  are  included. 
The  WMS  compares  the  differences  between  generated 
corrections  with  the  user  predicted  corrections  to  de¬ 
cide  which  type  of  message  is  to  be  sent. 

WAAS  messages  are  scheduled  as  follows. 


Xc{k  +  1)  =  ^c{k)Xe{k)  +  Bc{k)Wc{k)  (11) 

Zc{k)  =  Hc(A?)xc(fc)  +  Vc(Ar)  (12) 

is  used.  Vector  estimates  Xc(fc)  which  includes  clock 
error  and  clock  error  velocity  are  then  generated  using 
another  Kalman  filter. 

Estimated  corrections  are  shown  in  Figures  2  and  3. 
As  shown,  these  corrections  are  smoother,  as  compared 
to  the  “snapshot”  corrections.  In  addition,  changes  of 
observation  geometry  do  not  cause  an  abrupt  jump 
of  the  estimates,  as  is  in  the  snapshot  approach  [6]. 
Figure  2  shows  the  filtered  estimate  of  PRN  6  for 
about  5  hours  and  Figure  3  shows  the  filtered  estimate 
of  PRN  20  for  about  3  hours.  Clearly  satellite  location 
errors  are  slowly  varying,  as  compared  to  satellite  clock 
error. 

This  approach  takes  no  advantage  of  well-understood 
models  of  GPS  satellite  dynamics.  As  such,  it  does  not 
provide  an  accurate  estimate  of  the  satellite  ephemeris. 
As  shown  in  Figures  2  and  3,  our  location  estimates 


•  Mask  (  satellite  PRN  and  iono.  grid  )  message  is 
sent  every  2  to  5  minutes,  or  if  for  some  reasons 
the  mask  changes.  For  example,  a  new  satellite  is 
launched  or  taken  out  of  service.  This  will  ensure 
prompt  service  for  users  entering  WAAS. 

•  Satellite  clock  errors  are  the  fast  varying  compo¬ 
nents  of  corrections  and  have  to  be  sent  every  6 
to  10  seconds.  If  the  difference  between  WMS 
generated  corrections  and  user  predicted  correc¬ 
tions  exceeds  a  threshold,  a  fast  correction  will  be 
broadcast. 

•  Satellite  location  corrections  are  sent  every  2  to  5 
minutes  normally.  However,  if  the  projection  to 
user-satellite  line  of  sight  of  the  difference  between 
WMS  generated  and  user  predicted  satellite  loca¬ 
tion  error  exceeds  a  threshold,  a  slow  correction 
will  be  broadcast. 

•  Vertical  ionospheric  delays  at  grid  points  are  sent 
every  2  to  5  minutes. 
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Figure  4:  Stanford  WAAS  Message  Scheduling  Algo¬ 
rithm 

•  If  none  of  the  above  message  has  to  been  sent,  an 
empty  message  will  be  broadcast. 

Figure  4  summarizes  our  current  message  scheduling 
algorithm.  Because  our  network  does  not  have  full 
GPS  constellation  in  view  at  the  same  time,  we  only 
have  to  send  corrections  for  satellites  which  are  ob¬ 
served  by  our  network.  It  is  not  surprising  that  most 
of  the  time  an  empty  message  is  sent  (about  50  %).  It 
is  important  to  keep  in  mind  that  Stanford  experimen¬ 
tal  WAAS  network  is  not  using  geostationary  satellite 
to  broadcast  WAAS  message,  therefore  no  GEO  navi¬ 
gation  messages  are  scheduled.  However,  there  will  be 
no  difficulty  at  all  to  accommodate  the  GEO  messages 
and  other  reserved  messages  in  the  future.  Column  3 
of  Table  1  shows  the  currently  implemented  message 
types. 

After  deciding  which  message  is  to  be  sent,  WMS  packs 
the  correction  according  to  data  format  described  in 
Section  2.  We  use  UHF  data  link  to  broadcast  WAAS 
messages  to  our  airborne  user.  The  UHF  transmitter  is 
operated  at  464.475  MHz  and  transmits  data  at  9600 


Cumulative  Probability  Plot 


Figure  5:  Cumulative  Probability  Plot  of  Absolute 
Vertical  Errors.  The  dashed  line  shows  result  be¬ 
fore  inter-frequency  biases  are  removed.  The  sold  line 
shows  result  after  inter-frequency  biases  are  removed. 
The  dashdot  line  shows  result  for  a  dual  frequency 
user. 

bits  per  second.  As  such,  our  WAAS  data,  which  is 
250  bits  in  length,  uses  only  a  small  portion  of  UHF 
receiver’s  capacity. 

The  exceptions  from  RTCA  data  format  include 

1.  No  geostationary  satellite  navigation  message  is 
scheduled.  To  broadcast  the  correction  messages, 
we  use  UHF  data  link. 

2.  Time  tag  is  added  in  both  fast  (type  2)  and  slow 
(type  25)  correction  messages.  This  is  because 
we  are  not  using  geostationary  satellite  for  broad¬ 
casting  that  we  cannot  use  message  preamble  to 
synchronize  with  the  GPS  time. 

3.  Empty  message  is  scheduled,  because  mostly  of 
the  time  our  network  sees  only  8  or  9  satellites. 
For  operational  WAAS,  a  fast  correction  should 
be  scheduled  in  this  case. 
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Cumulative  Probability  Plot 


Figure  6:  Cumulative  Probability  Plot  of  Absolute 
Vertical  Errors.  The  inter-frequency  bias  has  been  cal¬ 
ibrated.  Results  shown  here  include  our  regular  WMS 
operation  (solid),  using  broadcast  ephemeris  (dashed), 
using  dual  frequency  receiver  (solid  line  with  “o”)  to 
estimate  ionospheric  delays  and  results  applying  post- 
processed  precise  ephemeris  (dashdot). 

5  Results 

All  the  data  presented  here  were  collected  in  real  time 
using  Stanford  experimental  WAAS  network.  Our  ref¬ 
erence  stations  are  located  at  Areata,  Elko  and  San 
Diego  [3].  These  reference  stations  send  the  GPS  ob¬ 
servations  over  phone  lines  to  the  WMS  on  campus. 
The  vector  differential  corrections  are  derived  from 
these  observables.  These  corrections  are  then  put  into 
RTCA  data  format  and  then  broadcast  using  a  UHF 
transmitter.  The  results  of  static  and  dynamic  tests 
are  described  below. 


5*1  Static  Tests 

Data  presented  in  this  section  were  collected  with  the 
passive  reference  station  colocated  at  Stanford  with 
the  WMS.  Stanford  data,  though,  is  not  used  in  the 
formation  of  the  corrections.  The  received  WAAS  mes¬ 


sage  is  ‘‘unpacked”  and  applied  to  the  Stanford  station. 

Figure  5  shows  the  4-hour  data  which  we  compare 
the  results  before  and  after  the  inter-frequency  biases 
at  the  reference  stations  and  satellites  were  calibrated. 
These  inter-frequency  biases,  if  not  calibrated,  will  af¬ 
fect  our  satellite  location/clock  estimator.  In  addition, 
it  also  influences  the  ionospheric  delay  estimation  us¬ 
ing  current  grid  algorithm.  The  dashed  line  shows 
the  result  before  the  biases  were  calibrated,  while  the 
solid  line  is  after  applying  the  bias  calibration  [11]  [12]. 
With  the  bias  calibration,  we  are  able  to  separate  er¬ 
rors  caused  by  ionospheric  delay  from  those  caused  by 
satellite  ephemeris  and  clock  errors.  The  improvement 
over  the  vertical  errors  at  95  %  changes  from  greater 
than  3  meters  to  less  than  2  meters.  Also  shown  in  this 
figure  is  the  performance  for  a  dual  frequency  user. 
This  user  would  have  the  best  result  because  he  can 
use  measurements  on  both  frequencies  to  estimate  de¬ 
lay  from  the  ionosphere. 

Figure  6  shows  the  same  4-hour  data  which  we  com¬ 
pare  several  situations.  Inter-frequency  biases  have 
been  calibrated  for  all  cases. 

1.  Broadcast  Using  broadcast  ephemeris  only.  In 
this  case,  our  fast  corrections  are  composed  of 
weighted  pseudorange  residuals  from  our  WRSs, 
while  satellite  location  errors  are  set  to  be  zero. 
The  result  is  shown  in  dashed  line. 

2.  Regular  Using  corrections  generated  by  our 
satellite  location  and  clock  estimator.  The  result 
is  shown  in  solid  line. 

3.  Post-Processed  Precise  Ephemeris  Using 
post-processed  precise  ephemeris  from  Interna¬ 
tional  Geodynamics  Service  (IGS)  for  slow  cor¬ 
rections  (satellite  ephemeris  errors)  and  satellite 
clock  error  is  derived  from  the  pseudorange  resid¬ 
uals  using  the  post-processed  precise  ephemeris. 
The  result  is  shown  in  dashdot  line. 

4.  Dual  BVqeuency  User  Using  corrections  gener¬ 
ated  by  our  satellite  location  and  clock  estimator, 
but  using  measurements  on  both  frequency  to  es¬ 
timate  the  ionospheric  delay.  The  result  is  shown 
in  solid  line  with  “o” . 

Our  Regular  case  shows  the  improvements  over  using 
Broadcast  ephemeris,  and  is  quite  close  to  the  result 
from  using  Post-Processed  Precise  Ephemeris. 
However,  given  the  limited  amount  of  data  points,  the 
first  three  cases  have  close  results.  In  addition,  the  user 
is  located  almost  at  the  center  of  our  network  which 
should  have  better  results  than  the  boundary  users. 
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Figure  7:  Statistics  of  the  Absolute  Errors  in  east-west  (dashdot),  south-north  (dashed)  and  vertical  (solid)  directions. 
The  solid  horizontal  line  indicates  the  cumulative  probability  at  95  %. 


The  best  result  is  achieved  for  a  dual  frequency  user. 
Longer  data  will  have  to  be  collected  in  the  future  to 
make  better  comparisons  and  conclusions. 

To  present  the  statistics  of  static  test  results,  Figure 
7  shows  the  distributions  of  the  absolute  errors  in  the 
east- west  (dashdot),  south- north(dashed)  and  vertical 
(solid)  directions  for  our  regular  case,  with  the  inter- 
frequency  biases  calibrated.  These  data  were  collected 
over  several  days  and  includes  both  daytime  and  night¬ 
time  period.  The  length  of  the  data  are  more  than  32 
hours,  at  1  Hz  epoch  rate.  Positioning  performance  is 
better  in  the  horizontal  directions.  The  95  %  value  for 
the  absolute  vertical  error  is  better  than  2  meters. 


5,2  Dynamic  Tests 

The  flight  trials  were  conducted  at  Palo  Alto  airport. 
As  a  truth  source,  we  have  surveyed  ends  of  the  run¬ 
way  of  the  airports.  We  have  applied  a  flat  runway 
model  from  surveyed  results  and  it  should  be  accurate 
to  better  than  one  meter. 

The  RTCA  messages  were  broadcast  to  Professor 
David  PowelPs  Piper  Dakota  using  a  UHF  data  link. 


The  airbone  user  has  a  10  channel  single  frequency 
receiver  to  receive  the  GPS  signals  and  a  UHF  radio 
modem  to  receive  our  WAAS  messages.  In  the  future, 
the  WAAS  messages  will  be  broadcast  from  geostation¬ 
ary  satellites.  The  data  presented  here  were  collected 
before  the  inter-frequency  bias  calibration. 

Figure  8  shows  20  iouch-and-gos  we  did  on  the  same 
day  at  the  Palo  Alto  airport.  This  flight  test  lasted 
about  one  and  a  half  hour.  These  points  include  flight 
technical  error  in  addition  to  the  navigation  sensor  er¬ 
ror.  Zero  altitude  is  the  surface  of  the  runway.  The 
vertical  errors  when  the  airplane  was  on  the  runway 
(roughly  from  50  meters  to  450  meters  in  the  along- 
track  direction),  are  always  within  the  ±4.1  meters 
95  %  navigation  sensor  error  limits  (shown  as  dashed 
line)  required  for  a  Category  I ILS  landing  system.  In 
addition,  the  vertical  errors  are  very  consistent  for  all 
approaches  and  have  the  mean  at  about  -2  meters. 

It  is  important  to  note  that  this  flight  trial  was  con¬ 
ducted  before  the  bias  calibration.  Interestingly,  re¬ 
sults  from  our  static  passive  user  show  a  mean  vertical 
error  of  about  -1.5  meters.  After  we  post-processed 
the  data  with  the  bias  calibration,  the  mean  is  about 
0  meters.  We  believe  the  vertical  errors  on  this  flight 
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Figure  8:  Flight  Trials  at  Palo  Alto  Airport,  without  bias  calibration 
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trial  are  majorly  caused  by  the  inter-frequency  biases 
and  the  errors  should  be  centered  around  the  0  meters 
if  we  have  the  inter-frequency  biases  calibrated.  There 
are  a  few  jumps  in  Figure  8.  We  think  they  come  from 
the  signal  multipath  effect  when  the  airplane  was  on 
the  ground. 


6  Summary  and  Conclusions 

This  paper  reports  a  nearly  full  implementation  of  the 
RTCA  data  format.  We  have  demonstrated  that  our 
satellite  location/ clock  error  estimator  is  capable  of 
separating  the  slowly  and  quickly  varying  error  com¬ 
ponents.  As  such,  the  error  estimates  can  be  packaged 
and  broadcast  in  the  fast/slow  messages  according  to 
RTCA  data  format.  This  will  make  the  most  use  of 
WAAS  messages,  which  have  the  limits  of  250  bits  per 
second. 

We  also  described  our  current  message  scheduling  and 
packing  algorithm.  Slight  modifications  were  made  be¬ 
cause  we  are  using  a  UHF  data  link  and  our  network 
only  sees  limited  number  of  satellites  at  a  time.  How¬ 
ever,  there  will  be  no  difficulty  for  operating  a  real 
time  WAAS  network  which  covers  a  larger  area. 


Improved  performance  has  been  achieved  with  the  bias 
calibration.  Static  test  results  obtained  from  Stanford 
receiver  yield  vertical  errors  better  than  2  meters  95 
percent  of  the  time.  Flight  trial  conducted  at  Palo  Alto 
airport  shows  our  WAAS  accuracy  can  achieve  Cate¬ 
gory  I  ILS  precision  approach  accuracy  requirements, 
even  before  inter-frequency  biases  were  calibrated. 
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ABSTRACT 

A  satellite  navigation  system  providing  a  primary 
means  of  en-route  navigation  will  have  to  meet 
exacting  accuracy,  availability,  integrity  and 
continuity  of  service  requirements.  The  UK  National 
Air  Traffic  Services  in  collaboration  with  the  Racal 
Group,  Roke  Manor  Research  and  Siemens  Plessey 
Systems  have  set  up  a  trial  to  investigate  the  use  of  a 
satellite  navigation  system  for  providing  en-route 
navigation  in  the  future. 

The  GPS  system  and  a  network  of  regional  monitor 
stations  have  been  used  to  investigate  the  provision  of 
differential  corrections  and  timely  integrity  warnings 
to  aircraft  and  air  traffic  control  facilities.  Integrity 


data  and  pseudorange  corrections  are  derived  from  a 
number  of  Racal  SlgTix  reference  stations  located  in 
and  around  the  UK.  The  data  is  uplinked  to  a  suitably 
equipped  British  Airways  Boeing  767  using  the  high 
integrity  C-Band  datalink  provided  by  the  Siemens 
Plessey  MLS  at  Heathrow  Airport.  The  data  is  also 
transferred  to  a  NATS  facility  to  allow  system 
monitoring  to  be  performed  so  that  Air  Traffic 
Controllers  can  be  made  aware  of  navigation  system 
outages. 

Integrity  and  availability  cannot  be  demonstrated  by 
the  use  of  flight  trials  so  a  Hazard  Analysis  has  been 
performed  to  identify  the  levels  achievable  with 
currently  available  technology.  The  levels  of 
augmentation  and  redundancy  needed  to  meet  the 
integrity  and  availability  requirements  can  then  be 
determined. 


INTRODUCTION 

The  introduction  of  Global  Navigation  Satellite 
Systems  provides  an  alternative  to  the  ground  based 
navigation  aids  such  as  DME  and  VOR  which  have 
served  the  aviation  community  well  for  many  years. 
Before  such  systems  can  be  used  operationally  it  must 
be  demonstrated  that  they  can  meet  the  exacting 
required  navigation  performance  (RNP)  parameters 
specified  by  the  International  Civil  Aviation 
Organisation  (ICAO).  When  satellite  navigation 
systems  are  introduced  into  civil  aircraft  operations 
new  procedures  will  also  be  necessary  to  advise  Air 
Traffic  Control  staff  of  the  navigation  system  status  in 
their  airspace. 

This  paper  describes  a  study  undertaken  to  investigate 
the  potential  use  of  a  regional  area  differential  GPS 
system  for  en-route  air  navigation.  The  study  involves 
theoretical  analysis  and  a  practical  demonstration 
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which  will  enable  the  performance  of  the  system  to  be 
measured  against  the  ICAO  RNP. 

A  discussion  is  also  included  on  how  controllers  and 
airspace  planners  might  manage  the  ongoing  changes 
in  the  GPS  constellation. 


OBJECTIVES 

The  RNP  requirements  for  various  phases  of  flight  as 
they  are  currently  defined  by  ICAO  are  summarised  in 


The  current  GPS  constellation  does  not  meet  the  RNP 
parameters  for  any  phase  of  flight  without  some  kind 
of  augmentation.  One  reason  for  this  is  the  lack  of 
system  integrity  monitoring.  There  are,  of  course, 
methods  designed  to  improve  the  integrity  such  as 
RAIM  and  the  integration  of  other  sensors  like 
inertial  reference  systems  and  barometric  altimeters 
but  these  have  limitations.  Differential  systems 
provide  a  level  of  integrity  monitoring  and  the  US 
and  Europe  with  WAAS  and  EGNOS  intend  to 
provide  monitor  systems  covering  vast  areas.  These 
systems  will  be  very  costly  and  it  will  be  at  least  five 
years  to  become  operationally  usable.  The  objective 
of  this  study  is  to  gain  some  experience  with  GNSS 
monitoring  systems  using  system  components  already 
available  today.  The  Regional  Area  Differential  GPS 
is  similar  to  WAAS  and  EGNOS  but  less  complex 
and  on  a  smaller  scale.  Another  objective  of  the  work 


Table  1.  Much  work  has  been  presented  to 
demonstrate  the  high  levels  of  accuracy  achievable 
using  satellite  positioning  systems  but  further  work  is 
necessary  to  demonstrate  that  the  remaining  RNP 
requirements  can  be  met.  All  the  requirements 
defined  by  the  RNP  must  be  met  simultaneously  before 
national  authorities  will  certify  any  system  for  aviation 
use. 


is  to  evaluate  the  necessary  augmentation  required  for 
the  GPS  system  to  meet  the  RNP  for  the  en-route 
phase  of  flight. 

The  study  is  broken  down  into  three  separate 
activities.  Firstly  a  practical  demonstration  of  the  use 
of  a  regional  area  monitoring  system  is  being 
undertaken  at  Heathrow  airport  involving  the 
transmission  of  integrity  data  and  differential 
corrections  to  an  operational  aircraft.  Secondly  a 
fault  tree  analysis  is  being  undertaken  to  identify  the 
levels  of  integrity  and  continuity  achievable  using  the 
proposed  regional  or  wide  area  augmentation  systems. 
Finally  an  investigation  is  being  carried  out  into  the 
potential  for  presentation  of  navigation  system  status 
information  to  air-traffic  control  (ATC)  authorities  so 
that  airspace  can  be  managed  in  an  efficient  and  safe 
manner. 


Accuracy 

Phase  of  Flight 

Lateral 

Vertical 

B-RNAV 

±5NM 

P-RNAV 

±1NM 

1-1  X  10-5 

En-route 

±330' 

- 

lOs  warning 

1-1  X  10-5 

Non  Precision 
Approach 

±330' 

- 

10s  warning 

1-1  X  10-5 

CAT  I 

±132' 

at  height  200' 

±40' 

at  height  200' 

^■i 

1-2.5  X  10-5 

1  X  10-5 

15  sec  operation 

CAT  II 

±70' 

at  height  100' 

±15' 

at  height  100' 

3.3  X  10-8 

2  sec  warning 

1-1.5  X  10-5 

4  X  10-6 

15  sec  operation 

CAT  III 

±50' 

at  height  50' 

±5' 

at  height  50' 

3.3  X  10-9 

1  sec  warning 

1-1  X  10-5 

■■■■I 

Note:  Integrity  and  continuity  are  per  hour  for  en-route  applications  and  per  approach  for  precision  approach 
applications 


Table  1.  Provisional  Values  for  Required  Navigation  Performance  (RNP) 
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PRACTICAL  DEMONSTRATION 

The  practical  trials  and  data  collection  make  use  of 
elements  of  the  local  area  diflferential  GPS  system 
currently  undergoing  evaluation  at  London's 
Heathrow  Airport.  Racal's  SKYFIX  network  provides 
the  ground  monitoring  stations  located  around  the 
UK  and  Europe.  A  British  Airways  767  equipped 
with  E.S,  MLS  and  DGPS  systems  receives  the 
integrity  and  correction  data  each  time  it  approaches 
Heathrow  and  stores  the  information  for  off  line 
analysis. 

The  system  configuration  is  illustrated  in  Figure  1. 
Data  from  five  of  the  skyfix  reference  stations  is  fed 
to  the  Racal  control  centre  at  Aberdeen  where  it  is 
processed  to  generate  differential  corrections  which 


are  valid  for  a  virtual  reference  station  at  the  centroid 
of  the  original  stations.  The  integrity  monitoring 
software  makes  use  of  8  of  the  skj^x  reference 
stations  and  the  virtual  pseudorange  corrections  to 
apply  consistency  checks  to  the  corrections  enabling 
the  detection  and  isolation  of  satellite  or  monitor 
station  anomalies.  An  integrity  bit  is  generated  for 
each  satellite  which  acts  as  a  use/don't  use  indication 
for  the  airborne  receiver.  The  quality  of  the 
pseudorange  corrections  is  also  indicated  in  the 
UDRE  parameter  in  the  differential  message.  The 
data  is  then  converted  into  the  format  required  for 
uplinking  to  the  aircraft  and  sent  via  X25  data  link  to 
Heathrow  airport.  The  locations  of  the  ground 
monitor  stations  is  illustrated  in  figure  2. 


MONITOR 


Figure  1.  RADGPS  System  Configuration 
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The  uplink  makes  use  of  the  MLS  C-Band 
communications  channel  available  at  Heathrow.  This 
is  not  the  ideal  method  for  communicating 
corrections  over  a  wide  area  but  it  is  a  ground  to  air 
datalink  already  in  place  and  is  ideal  for  the  purpose 
of  system  evaluation.  An  extension  to  the  trial  will 
investigate  other  methods  of  communicating  the 
differential  and  integrity  data  to  the  aircraft  such  as 
terrestrial  VHP  transmitters  or  geostationary 
satellites.  The  MLS  Azimuth  transmitter  broadcasts 
the  data  via  the  auxiliary  C-words  on  the  MLS  data 
channel. 

On  the  aircraft  the  MLS  receiver  decodes  the  C-words 
to  extract  the  corrections  and  feeds  them  over  the 
ARINC  429  bus  to  the  GPS  receiver.  Here  the 
corrections  are  applied  in  order  to  determine  the 


position  of  the  aircraft.  Data  from  the  onboard  GPS, 
MLS  and  ILS  receivers  are  stored  using  an  optical 
quick  access  recorder  for  off-line  analysis  and 
processing.  The  data  is  automatically  recorded  each 
time  the  aircraft  approaches  Heathrow  airport. 

In  parallel  the  data  is  routed  to  a  NATS  facility  where 
the  status  of  the  GPS  and  the  reference  stations  can  be 
monitored. 

For  evaluation  purposes  an  error  generation  system 
has  been  included  in  the  system  at  Aberdeen  to 
introduce  artificial  pseudorange  errors  on  individual 
satellites.  The  application  of  these  errors  allows  the 
latency  of  the  system  to  be  calculated  which  will  help 
in  computing  the  estimated  time  to  alarm. 


Figure  2  Location  of  SKYFIX  Ground  Monitor  Stations 
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The  data  acquired  during  these  approaches  will  be 
used  to  investigate  the  accuracy,  integrity  and  latency 
of  the  Regional  Area  Differential  GPS  system.  The 
accuracy  will  be  investigated  by  the  comparison  of 
DGPS  position  with  MLS,  ILS  and  an  optical  ground 
truth  system.  The  accuracy  of  the  regional  system 
will  be  compared  with  the  local  area  differential 
system. 


FAULT  TREE  ANALYSIS 

The  high  levels  of  integrity  and  continuity  required 
for  the  certification  of  aviation  navigation  aids  cannot 
be  demonstrated  by  the  use  of  flight  trials.  For 
example  the  experimental  confirmation  of  an 
integrity  of  5x10'^  per  flight  hour  as  required  for 
continental  en-route  navigation  would  require  in 
excess  of  20  million  hours  of  flight  trials. 


An  alternative  approach  to  certification  is  top  use 
safety  case  analysis.  This  involves  the  identification 
and  analysis  of  conditions  and  events  which  result  in 
a  loss  of  performance  or  system  failure.  Integrity  and 
continuity  of  a  system  can  then  be  determined  using 
fault  trees  and  failure  modes  and  effects  analysis. 
The  resulting  fault  trees  will  have  top  level  events 
representing  the  continuity  and  integrity  risks  and 
will  branch  down  to  lower  level  events  that  contribute 
to  the  overall  risk. 

Fault  Trees  have  been  developed  for  a  differential 
GPS  system  representative  of  a  RADGPS  or 
WADGPS.  A  top  level  fault  tree  is  illustrated  in 
figure  3  which  identifies  the  major  components  of  the 
system  that  will  contribute  to  the  integrity  and 
continuity  risks. 


Figure  3  Top  Level  Fault  Tree 


After  developing  the  fault  trees  they  were  used  to 
undertake  a  top-down  analysis  of  risk  apportionment 
for  each  of  the  lower  level  events  base  on  the  RNP 
requirements.  This  allows  performance  requirements 
to  be  imposed  on  each  element  of  the  system. 

It  was  originally  proposed  to  carry  out  a  similar 
bottom  up  analysis  making  use  of  knowledge  of  the 
reliability  of  existing  system  components  to  illustrate 
the  levels  of  integrity  and  continuity  achievable.  This 


analysis  has  not  been  feasible  at  this  time  due  to  the 
lack  of  representative  performance 

PRESENTATION  TO  ATC 

In  addition  to  the  transmission  of  data  to  aircraft  it  is 
also  necessary  to  provide  system  information  to  Air 
Traffic  Control  Staff.  Airspace  planning  must  take 
into  account  the  ongoing  changes  in  the  satellite 
constellation.  On  a  relatively  long  timescale  such 
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changes  come  about  as  old  satellites  are  taken  out  of 
service  and  replaced  by  new  ones.  In  the  shorter  term 
changes  come  about  when  satellites  are  taken  out  of 
service  for  maintenance  or  when  a  satellite  develops  a 
malfunction.  For  planned  maintenance  considerable 
warning  times  may  be  available  such  that  Air  Traffic 
Control  (ATC)  could  adjust  some  of  its  operations  in 
order  to  minimise  the  impact  of  an  outage.  This  is 
only  a  realistic  possibility  if  a  reliable  notification 
system  is  in  place.  An  assessment  of  the  current 
sources  of  information  provided  on  the  constellation 
changes  indicates  that  these  cannot  be  relied  upon  to 
form  the  basis  of  a  warning  system  for  ATC. 

In  the  case  of  a  malfunction  there  may  be  no 
significant  warning  but  it  could  still  assist  ATC  if  the 
monitoring  system  identifies  the  malfunction  and 
warns  the  control  centre  of  the  potential  impact  of 
such  a  failure.  The  response  of  ATC  may  be  to 
increase  separations,  re-route  aircraft  or  simply  advise 
pilots  of  the  situation. 

The  presentation  of  information  to  active  controllers 
may  need  to  be  different  to  that  for  the  airspace 
planner  who  has  more  time  to  assess  the  implications. 
Initial  discussions  on  this  subject  have  raised  a 
number  of  questions,  the  answers  to  which  may  help 
to  identify  the  optimum  presentation  method. 

An  important  consideration  is  the  proportion  of 
outages  that  are  planned  versus  unplanned.  If  the 
majority  of  outages  are  planned  then  it  becomes 
important  to  have  an  effective  system  of  notification. 
The  planned  outages  must  be  controlled  so  that 
suitable  warning  time  is  given  and  the  predicted 
outages  will  occur  at  the  times  specified.  The 
consequences  of  an  outage  for  any  region  can  then  be 
investigated  using  a  simulator.  A  problem  arises 
when  considering  different  airborne  architectures. 
The  effect  on  a  system  with  barometric  or  inertial 
aiding  will  be  different  than  that  on  a  stand  alone 
receiver.  It  will  be  necessary  to  group  effects  into  a 
small  number  of  architectures  or  assume  a  worst  case 
equipment  fit.  It  will  not  please  airlines  who  have 
spent  money  equipping  with  sophisticated  equipment 
if  they  find  themselves  restricted  because  of  worst 
case  assumptions  on  the  part  of  the  controlling 
authorities.  These  questions  are  currently  being 
addressed  by  the  UK  CAA  and  results  will  be 
published  in  the  near  ftiture. 


CONCLUSIONS 

This  paper  has  described  a  three  part  study  currently 
being  undertaken  to  investigate  GPS  monitoring  and 
display  systems  and  their  ability  to  fiiffil  the  RNP  for 
en-route  navigation  The  data  collection  at  Heathrow 


is  still  underway  and  analysis  will  be  carried  out 
shortly.  The  fault  tree  analysis  has  resulted  in  the 
preparation  of  a  number  of  Fault  Trees  whose 
complexity  make  it  impossible  to  present  at  this 
forum.  Initial  assessment  appears  to  suggest  that  the 
continuity  of  service  requirements  are  likely  to  be 
more  stringent  than  the  integrity  requirements.  The 
investigation  into  methods  of  presenting  information 
to  ATC  has  opened  up  a  significant  area  of  work  that 
is  currently  under  consideration  and  this  information 
will  be  published  when  completed. 
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ABSTRACT 

The  purpose  of  this  paper  is  to  show  how  a  system 
satisfying  strictest  aviation  requirements  can  be  made 
immune  to  terrorist  spoofing.  The  system  combines 
Wide  Area  Augmentation  System  (WAAS)  and  Local 
Area  Augmentation  System  (LAAS).  It  also  uses 
secured  independent  signals  for  WAAS  accuracy 
corrections  that  was  recommended  by  Joint  Program 
Office  (JPO). 

WAAS  is  on  the  verge  of  becoming  a  fiill-scale 
development  program  for  the  Federal  Aviation 
Administration  (FAA)  and  was  plaimed  to  be 
operational  by  1997.  However,  national  security 
concerns  regarding  the  broadcast  of  GPS  accuracy 
corrections  on  a  global  scale  for  WAAS  was  the  subject 
of  considerable  discussions  during  early  1995.  JPO  has 
recommended  “GPS  dual  use  opportunities,”  with 
secured  independent  WAAS  uplink.  In  addition, 
WAAS  can  meet  aviation  requirements  for  all  phases  of 
flight  down  to  CAT  I  precision  approaches.  But  to  get 


the  requirements  for  CAT  II/III  precision  approaches 
and  landing  (PAL),  local  area  differentials  are  needed 
for  augmenting  with  GPS.  The  concept,  referred  to  as 
LAAS  within  the  FAA,  has  been  recommended  as  an 
additional  augmentation.  Here  the  differential 
technique  is  to  locate  a  GPS  monitor  receiver  at  a 
surveyed  reference  site  in  the  vicinity  of  an  airport.  The 
data  is  processed  on  the  ground  to  determine  pseudo¬ 
range  corrections  of  GPS  signals  which  are  sent  to  the 
airborne  receiver  over  a  data  link.  By  combining  both 
WAAS  and  LAAS  concepts,  advantages  of  both  systems 
could  be  merged  for  avoiding  signal  spoofing. 

This  paper  describes  a  conceptual  development  and 
integration  of  WAAS  with  LAAS  to  avoid  signal 
spoofing  for  aviation  requirements.  Recommended 
configurations  and  generic  specifications  for  interfacing 
WAAS,  recently  presented  by  PO,  with  LAAS  concept 
currently  in  study  will  be  presented.  In  addition,  how 
terrorist  spoofing  of  the  unsecured  signals  from  the  local 
area  could  be  avoided  by  using  the  secured  wide  area 
signals  will  be  discussed.  A  difference  monitoring  with 
a  threshold  will  be  provided.  Finally,  benefits  of  the 
integration  concepts  to  provide  uniformity  in  products 
regardless  of  manufacturer  will  be  discussed. 

INTRODUCTION 

In  order  to  meet  both  civil  and  military  radionavigation 
needs,  the  Federal  Government  has  established  a  series 
of  radionavigation  systems  over  a  period  of  years  [1-3]. 
Each  system  utilized  the  latest  technology  available  at 
the  time  it  was  introduced.  The  new  high-technology 
radionavigation  system,  the  Global  Positioning  System 
(GPS),  has  wide  civil  as  well  as  military  application  on  a 
global  basis.  Developed  by  the  Department  of  Defense, 
Full  Operational  Capability  (FOC)  of  the  GPS  for 
radionavigation  purposes  was  declared  in  April  1995. 
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For  aviation,  GPS  FOC  represents  the  most  significant 
development  in  50  years.  However,  GPS  alone  cannot 
meet  all  the  requirements  of  worldwide  civil  aviation.  It 
needs  augmentation  services  offering  unprecedented 
accuracies  for  positioning  and  stand-alone  navigation 
for  aviation  users  [4-5].  The  need  to  augment  GPS  and 
the  desire  to  provide  GPS  user  services  as  quickly  as 
possible  has  resulted  in  FAA’s  Wide  Area 
Augmentation  System  (WAAS)  [6].  WAAS  provides 
three  aviation  requirements  critical  to  safety  of  flight 
(integrity,  accuracy,  and  availability)  that  are  lacking  in 
GPS.  However,  WAAS  can  not  meet  the  requirements 
for  all  phases  of  flight.  It  can  meet  flight  down  to 
category  I  precision  approaches  only.  The  requirements 
for  the  different  phases  of  flight  are  being  evaluated  by 
FAA  specifically  for  the  WAAS.  Analyses,  computer 
simulations,  and  testing  have  already  started.  WAAS 
Initial  Operational  Capability  (IOC)  is  expected  in  1997. 

To  satisfy  the  requirements  for  Category  II  and  III 
precision  approaches  and  landing,  local  area  differential 
GPS  (LADGPS)  corrections  are  needed  for  augmenting 
with  GPS.  The  concept  referred  to  as  Local  Area 
Augmentation  System  (LAAS)  within  the  FAA  has  been 
recommended  as  an  additional  augmentation  [7].  Here 
the  differential  technique  is  to  locate  a  GPS  monitor 
receiver  at  a  surveyed  reference  site  in  the  vicinity  of  an 
airport.  This  concept  is  being  developed  and  flight  tests 
are  being  performed  to  verify  the  feasibility.  LAAS 
development  phase  is  expected  in  1996. 

During  early  1995,  some  security  concerns  raised  by 
DOD  to  broadcast  wide-area  differential  corrections  in 
an  unprotected  form  was  the  subject  of  debate  between 
DOD  and  DOT.  Several  rounds  of  meetings  between 
DOD  and  DOT  officials  produced  a  tentative  agreement 
that  will  allow  FAA  to  move  forward  with  its  WAAS 
design  and  procurement.  The  agreement  is  classified. 
DOD  will  not  interpose  itself  further  in  the  WAAS 
process,  pending  the  outcome  of  tests  of  techniques  that 
would  allow  DOD  to  selectively  jam  the  WAAS  signal 
in  military  theaters  or  other  regions  of  security  concerns 
[8]. 

In  this  paper,  we  describe  the  civil  aviation 
requirements,  following  which  we  describe  a  conceptual 
development  and  operational  plan  for  both  WAAS  and 
LAAS.  Then,  jamming  and  signal  spoofing,  which  are 
a  subject  of  considerable  debate,  are  discussed.  We 
show  that  the  LAAS  spoofing  is  the  most  critical 
spoofing  issue.  JPO  recommendation,  “GPS  Dual  Use 
Opportunities,”  [9]  with  secured  independent  WAAS 
uplink  is  provided  as  an  example  to  avoid  LAAS  signal 
spoofing.  A  conceptual  design  architecture  that 


integrates  WAAS  and  LAAS  systems  to  avoid  LAAS 
signal  spoofing  for  aviation  requirements  is  discussed. 
Finally,  benefits  of  the  integration  concepts  to  provide 
uniformity  in  products  by  selecting  Non  Developmental 
Items  (NDI)  and  Commercially  available  Off  The  Shelf 
(COTS)  products  will  be  discussed. 

AVIATION  REQUIREMENTS 

GPS,  a  satellite-based  radionavigation  system  operated 
by  the  DOD  and  jointly  managed  by  the  DOD  and  DOT, 
provides  two  levels  of  service;  a  Standard  Positioning 
Service  (SPS)  and  a  Precise  Positioning  Service  (PPS). 
While  SPS  accuracy  can  be  better  than  30  meters  (2 
drms),  with  the  activation  of  Selective  Availability  (SA) 
that  accuracy  is  degraded  to  100  meters  (2  drms)  for 
civil  users.  Nevertheless,  GPS  provides  all-weather 
global  coverage,  24  hours  a  day  at  unprecedented 
accuracies.  PPS  provides  22  meters  (2  drms)  accuracy 
to  U.S.  and  allied  military  and  U.S.  Federal  Government 
users.  Yet  even  GPS,  with  its  remarkable  accuracies, 
still  does  not  meet  aviation  requirements.  By 
Augmenting  GPS  with  other  services,  called  Augmented 
GPS  (AGPS),  to  satisfy  integrity,  accuracy,  and 
availability,  GPS  will  meet  the  aviation  requirements. 
Table  1  outlines  the  accuracies  of  GPS  services  verses 
aviation  requirements. 


TABLE  1.  Accuracy  of  GPS  Services  Vs 
Aviation  Requirements 


Aviation  Requirements 

En  Route 
through 
Non-Precision 
Landing 

Precision 
Landing 
CAT  I 

Precision 

Landing 

CATII/III 

Services 

Accuracy 

(meters) 

>  100  m 

Hor:  17.1  m 
Ver:  4.1  m 

Hor:  4. 1-5.2  m 
Ver:  0.6-L7m 

SPS 

100 

YES 

NO 

NO 

SPS 
w/o  SA 

30 

YES 

NO 

NO 

PPS 

22 

YES 

NO 

NO 

AGPS 

<  10 

YES 

YES 

YES 
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Aviation  requirements  are  described  in  two  basic  phases: 
en  route/terminal  and  approach/landing.  The  en 
route/terminal  phase  includes  all  portions  of  flight  to 
within  18,500  meters  (10  nm)  of  the  runway.  It  includes 
oceanic,  domestic,  and  tenmnal  subphases.  The 
approach/landing  phase  includes  that  portion  of  flight 
conducted  prior  to  touchdown.  The  navigation  and 
positioning  requirements  for  aviation  are  summarized  in 
Table  2. 


Table  2.  Aviation  Navigation  and  Positioning 
Requirements 


Aviation 

Category 

Accuracy 
(2  drms) 

Time  to 
Alarm 

Availability 

Coverage 

Altitude 

En  Route 
Oceanic 

23  km 
(12.6  nm) 

30  seconds 

99.977% 

8400-12,200 

m 

En  Route 
Domestic 

1000  m 

10  seconds 

99.977% 

150-18,300 

m 

Terminal 

500  m 

10  seconds 

99.977% 

150-5500  m 

Approach/ 

Landing 

Non- 

Precision 

100  m 

10  seconds 

99.977% 

75-900  m 

Approach/ 
Landing 
Precision 
CAT  I 

Hor:  17.1  m 
Ver:  4. 1  m 

! 

6  seconds 

99.999% 

30-900  m 

Approach/ 
Landing 
Precision 
CAT  11 

Hor:  5.2  m 
Ver:  1.7  m 

2  seconds 

99.999% 

15-900  m 

Approach/ 
Landing 
Precision 
CAT  III 

Hor:  4. 1  m 
Ver:  0.6  m 

2  seconds 

99.999% 

0-900  m 

Since  Aviation  requirements  are  only  met  by 
augmentations,  it  is  no  wonder  that  aviation  users  are 
clamoring  for  immediate  augmentation  implementation. 
Therefore,  Federal  Aviation  Administration  (FAA),  in 
cooperation  with  other  DOT  organizations  and  DOD,  is 
planning  to  augment  the  GPS  SPS  with  both  a  wide  area 
and  a  local  area  system,  called  WAAS  and  LAAS, 
respectively. 


WAAS  AND  LAAS  CONCEPTS 

The  current  24  GPS  operational  satellites  alone  cannot 
satisfy  the  aviation  stringent  requirements.  It  fails  to 
meet  three  requirements  critical  to  safety  of  flight: 

1.  Integrity:  The  ability  of  a  system  either  to  provide 
timely  warnings  to  users  or  to  shut  itself  down  when 
it  should  not  be  used  for  navigation. 

2.  Accuracy:  The  difference  between  the  measured 
position  at  any  given  time  to  the  actual  or  true 
position. 

3.  Availability:  The  ability  of  a  system  to  be  used  for 
navigation  whenever  it  is  needed  by  the  users,  and 
its  ability  to  provide  that  service  throughout  a  flight 
operation. 

The  need  to  augment  GPS  and  the  desire  to  approve  or 
provide  user  services  as  quickly  as  possible  has  resulted 
in  FAA’s  augmentation  strategy,  WAAS  and  LAAS. 

Initial  analyses  and  testing  by  FAA  determined  that  a 
wide  area  broadcast  system  would  require  about  24 
Wide-area  Reference  Stations  (WRS)  and  transponders 
on  several  Geostationary  (GEO)  satellites.  Figure  1 
shows  a  conceptual  WAAS  architecture  in 
developmental  stage.  The  WAAS  will  be  a  safety- 
critical  system  consisting  of  the  equipment  and  software 
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Figure  1.  WAAS  Architecture 

which  augments  the  GPS  SPS.  It  will  provide  a  signal 
in  space  to  WAAS  users  with  the  specific  goal  of 
supporting  aviation  navigation  for  en  route  through 
Category  I  precision  approach  phases  of  flight.  The 
signal  in  space  will  provide  three  services:  (1)  integrity 
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data  on  GPS  and  GEO  satellites,  (2)  wide  area 
differential  corrections  for  GPS  satellites,  and  (3)  an 
additional  ranging  capability. 

The  GPS  satellites’  data  is  to  be  received  and  processed 
at  widely  dispersed  sites,  referred  to  as  WRS.  These 
data  are  forwarded  to  data  processing  sites,  referred  to  as 
Wide-area  Master  Stations  (WMS),  which  process  the 
data  to  determine  the  integrity,  differential  corrections, 
residual  errors,  and  ionospheric  information  for  each 
monitored  satellite  and  generate  GEO  satellite 
navigation  parameters.  This  information  is  to  be  sent  to 
a  Ground  Earth  Station  (GES)  and  uplinked  along  with 
the  GEO  satellites.  These  GEO  satellite  will  then 
downlink  this  data  on  the  GPS  Link  I  (LI)  frequency 
with  a  modulation  similar  to  that  used  by  GPS. 

In  addition  to  providing  GPS  integrity,  the  WAAS  will 
verify  its  own  integrity  and  take  any  necessary  action  to 
ensure  that  the  system  meets  the  WAAS  performance 
requirements.  The  WAAS  also  has  a  system  operations 
and  maintenance  function  that  provides  information  to 
FAA’s  National  Airspace  System  (NAS)  personnel. 

The  WAAS  user  receiver  will  process:  (1)  the  integrity 
data  to  ensure  that  the  satellites  being  used  are 
providing  in-tolerance  navigation  data,  (2)  the 
differential  correction  and  ionospheric  information  data 
to  improve  the  accuracy  of  the  user’s  position  solution, 
and  (3)  the  ranging  data  from  one  or  more  of  the  GEO 
satellites  for  position  determination.  The  WAAS  user 
receivers  are  not  considered  part  of  the  WAAS. 

FAA  has  been  testing  the  use  of  WAAS  and  initial 
operational  capability  (IOC)  is  expected  in  1997.  Once 
these  WAAS  services  are  available,  some  of  the  benefits 
to  the  aviation  community  will  include  increased  fuel 
savings  as  a  result  of  more  direct  user  preferred  routing, 
and  improved  safety  for  non-precision  approaches,  and 
approach  course  guidance  at  airports.  As  users  equip 
and  implement  WAAS,  the  FAA’s  ground  based 
infrastructure  will  be  reduced  thus  avoiding 
expenditures  for  replacement  systems  and  maintenance 
costs  for  those  systems.  Currently  many  aviation 
navigation  aids  are  used.  Among  them  Instrument 
Landing  System  (ILS)  and  Microwave  Landing  System 
(MLS)  are  primarily  used  for  instrument  precision 
landing  and  approaches.  As  shown  in  Figure  2,  they 
will  remain  to  be  the  only  precision  landing  system  in 
the  near  future.  Other  benefits  of  WAAS  include 
Automatic  Dependent  Surveillance  (ADS)  and  traffic 
alert  and  collision  avoidance.  Using  ADS,  aircraft  will 
report  position,  identification,  and  speed  every  second, 
thus  reducing  the  chance  of  surface  conflicts  and  runway 


incursions.  Finally,  FAA  will  develop  standards  for 
cockpit  moving  maps,  called  as  Electronic  Chart  Display 
Information  System  (ECDIS). 


Figure  2.  Operating  Plan  for  Precision  Landing 
Systems 


Presently,  the  ILS  ground-based  system  is  the  only 
system  used  to  support  CAT  ll/lll  operations.  GPS 
without  proper  LADGPS  augmentation  cannot  support 
CAT  II/III  operations.  GPS  can  be  augmented  by  a 
Local  Area  Augmentation  System  (LAAS)  that  will 
improve  the  integrity,  accuracy,  and  availability  of  GPS- 
based  satellite  navigation  for  all  categories  of  precision 
approaches.  The  most  commonly  used  differential 
technique  is  to  locate  a  GPS  monitor  receiver  at  a 
surveyed  reference  site  in  the  vicinity  of  an  airport.  The 
data  is  processed  on  the  ground  to  determine  pseudo¬ 
range  corrections  of  GPS  signals  which  are  sent  to  the 
airborne  receiver  over  a  data  link.  These  corrections 
enable  the  GPS  avionics  to  calculate  a  more  precise 
position  than  is  possible  using  GPS  signals  alone.  The 
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ground  monitor  can  also  provide  integrity  information  to 
notify  the  user  of  a  system  fault  and  the  same  data  link 
could  also  provide  ranging  information  to  increase 
availability. 

LAAS  concept  is  being  developed  and  flight  test  are 
being  performed  to  verify  the  feasibility.  LAAS 
development  phase  is  expected  in  1996.  Again,  Figure  2 
shows  the  operating  plan  for  precision  landing  systems, 
CAT  I  and  CAT  II/III. 

Tables  3-5  show  the  current  status  of  WAAS  and  LAAS 
comparisons  for  aviation  requirements  based  on  results 
of  the  tests  [10-12]  for  the  tlu^ee  critical  areas.  Table  3 
is  for  the  en  route  through  non-precision  landing  phase. 
Table  4  is  for  precision  landing  CAT  I  phase,  and  Table 
5  is  for  the  precision  landing  CAT  ll/lll  phase. 


Table  3.  WAAS  Vs  LAAS  Comparison  for  En  Route 
Through  Non-Precision  Landing  Phase  of  Aviation 


Critical  Areas 

Integrity 

Accuracy 

Availability 

WAAS 

YES 

YES 

YES 

LAAS 

N/A 

N/A 

N/A 

Table  4.  WAAS  Vs  LAAS  Comparison  for  Precision 
Landing  CAT  I  Phase  of  Aviation 


Critical  Areas 

Integrity 

Accuracy 

Availability 

WAAS 

YES 

YES 

YES 

LAAS 

YES? 

YES? 

YES? 

?  Technically  achievable;  Feasibility  to  be  verified 


Table  5.  WAAS  Vs  LAAS  Comparison  for  Precision 
Landing  CAT  D/m  Phase  of  Aviation 


Critical  Areas 

Integrity 

Accuracy 

Availability 

WAAS 

YES 

NO 

YES 

LAAS 

YES? 

YES? 

YES? 

?  Technically  achievable;  Feasibility  to  be  verified 


JAMMING  AND  SPOOFING 

WAAS  and  LAAS,  will  provide  accuracies  of  1-5  meters 
verses  GPS  SPS  accuracies  of  100  meters.  Therefore, 
aviation  application  employing  augmentations  will  be 
much  more  sensitive  than  those  applications  using  basic 
GPS  SPS.  As  stated  earlier  this  accuracy  is  critical  to 
safety  of  flight.  The  controversy  between  DOD  and  FAA 
in  the  early  part  of  1995  was  primarily  due  to  the  fact 
that  DOD  was  concerned  with  potential  for  misuse  of 
widely  broadcast  differential  corrections  without  any 
protection.  Specifically,  proper  countermeasmes  should 
be  developed  to  jamming  and  spoofing. 

The  term  “jamming”  refers  to  intentional  and 
unintentional  radio  frequency  (RF)  interference  of 
transmitted  signals  received  by  a  user.  The  term 
“spoofing”  refers  to  the  transmission  of  counterfeit 
signals  to  provide  undetectable  falsification  of  service. 

Unintentional  jamming  includes  known  RF  sources  that 
coincidentally  interfere  with  the  GPS  or  AGPS  signal. 
Typical  sources  that  can  unintentionally  interfere  with 
GPS  or  AGPS  systems  include  mobile  communication 
systems  and  television  station  transmitters. 

Intentional  jamming  and  spoofing  sources  include 
signals  deliterately  transmitted  to  interfere  with  the 
GPS  or  AGPS  signal.  The  objective  of  an  intentional 
jammer  or  spoofer  is  to  cause  havoc  in  system 
applications  resulting  in  total  denial  or  mistrust  of  the 
system.  Jamming  and  spoofing  can  be  accomplished 
using  information  from  open  literature  which  defines 
signal  format  and  data  structure  and  off-the-shelf 
hardware  and  software.  Persons  or  groups  who  might 
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want  to  intentionally  jam  or  spoof  GPS  or  AGPS 
systems  would  include  hackers,  extortionists,  and 
terrorists. 

The  GPS  uses  a  spread  spectrum  signal  design  which 
provides  some  inherent  resistance  to  jamming.  Spread 
spectrum  signals  provide  a  means  for  a  receiver  to 
enhance  the  power  of  a  GPS  signal  spread  over  a  given 
frequency  band,  while  conversely  dispersing  a  high 
power  jamming  signal  transmitted  at  a  given  frequency. 
Therefore,  intentional  jamming  is  a  complicated 
process.  However  spoofing  is  somewhat  simplified 
process.  There  are  two  kinds  of  spoofing:  GPS  SPS 
spoofing  and  AGPS  spoofing. 

To  spoof  GPS  SPS,  a  spoofer  must  emulate  a  GPS  signal 
and  capture  users  within  a  specific  target  area.  Spoofer 
power  must  be  high  enough  to  ensure  this  capability. 
Additionally,  capturing  a  GPS  receiver  requires  that  the 
spoofer ’s  code  phase  coincide  with  the  time  of  arrival  of 
the  code  phase  of  the  real  GPS  satellite  at  the  user 
location.  Due  to  this  time-of-arrival  constraint,  normal 
expectation  are  that  a  spoofer  would  only  spoof  one 
satellite  at  a  time.  Also  GPS  SPS  spoofing  is  somewhat 
complicated. 

However,  GPS  augmentations  rely  on  some  type  of 
differential  GPS  link.  Therefore,  spoofing  AGPS  may 
be  more  effective  than  spoofing  GPS  SPS.  This  is 
particularly  true  for  local  area  DGPS  (LADGPS) 
systems.  The  spoofer  would  replicate  and  transmit  a 
LADGPS  signal  with  falsified  data  to  users  in  the 
surrounding  area.  Further,  unlike  GPS  SPS,  no  time-of- 
arrival  complexities  are  involved  since  the  LADGPS 
signal  does  not  require  code  phase  synchronization. 
Also,  WAAS  has  ranging  capability,  and  therefore,  the 
same  time-of-arrival  constraints  as  those  identified  for 
GPS  SPS  would  apply  for  WAAS  spoofing.  Thus  the 
primary  jamming  and  spoofing  issue  is  to  avoid  the 
LAAS  spoofing. 

dot’s  January  1994  Strategic  Plan  has  established  the 
goal  to  promote  safe  and  secure  transportation.  To  meet 
this  objective,  the  plan  specifies  that  DOT  will  identity 
and  implement  new  measures  to  enhance  security  on  all 
modes  of  transportation  to  achieve  personal  security  and 
national  security  goals. 

DUAL  USE  OPPORTUNITIES 

JPO  director,  COL.  Mike  Wiedemer,  in  his  ION  GPS-94 
presentation  sketched  out  several  additional  no-cost 
opportunities  for  dialogue  about  dual-use  system:  joint 
policy  on  management  and  control  of  precise  navigation 


signals,  joint  definition  of  WADGPS  signal  architecture, 
and  joint  exploration  of  advanced  over-the-air  integrity 
systems.  This  was  a  strawman  proposal  designed  to 
stimulate  conversation  within  the  DOD  and  the  DOT 
about  joint  investment.  It  looks  like  this  would  save 
hundreds  of  millions  of  dollars  if  this  investment  is 
undertaken.  The  WAAS  joint  program  is  called  the 
extended  WAAS  system.  This  has  wider  support,  since 
it  is  a  joint  investment  program,  involving  both  civil  and 
military  users.  [13,14] 

It  describes  a  common  geostationary  communication 
link  and  architecture,  a  “bus,”  that  would  be  shared  by 
civil  and  DOD  users,  with  a  separate  operational  control 
facilities.  A  couple  of  new  design  twists  include  the 
capability  for  encryption  of  the  wide-area  differential 
GPS  corrections  and  an  offset  of  10.3  MHz  from  the 
main  GPS  LI  frequency  on  which  the  WAAS  messages 
are  sent.  Once  the  word  encryption  is  mentioned,  it  is 
often  associated  with  some  war-fighting  mode  designed 
for  meeting  the  security  concerns.  In  this  particular 
case,  that  is  not  it  at  all.  On  the  contrary,  it  is  to  avoid 
“spoofing,”  and  for  aviation  it  is  for  safety  of  flight. 

CONCEPTUAL  DESIGN  ARCHITECTURE  FOR 
INTEGRATING  WAAS  AND  LAAS 

As  discussed  earlier,  the  FAA  has  developed  and  is 
testing  both  WAAS  and  LAAS  programs  to  provide 
real-time  aviation  positioning  and  navigation  accuracy 
shown  in  Table  2.  WAAS  provides  accuracy  to  all 
phases  down  to  precision  landing  category  I  and  LAAS 
provides  precision  landing  category  II/III.  Both  are 
needed,  but  at  any  time  only  one  is  needed.  So  both  can 
be  integrated  in  one  unit  or  box  to  provide  the  aviation 
requirements.  Also  security  is  one  issue  which  has  not 
been  explored  in  detail.  Some  of  the  questions  one 
should  consider  are: 

1 .  Should  both  WAAS  and  LAAS  be  encrypted? 

2.  Will  there  be  operator  error  during  precision 
landing  if  LAAS  is  encrypted? 

3.  Can  both  WAAS  and  LAAS  be  integrated? 

The  answer  to  all  these  questions  is  yes. 

On  the  first  question,  FAA  wants  to  identify  and 
implement  security  on  all  modes  of  transportation  to 
achieve  security  and  safety  of  flight.  Therefore,  both 
WAAS  and  LAAS  should  be  encrypted. 

On  the  second  question,  there  could  be  operator  error 
decoding  the  LAAS  encryption  during  precision  landing 
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category  II/III  due  to  lack  of  time.  Also  using  the  wrong 
encryption  key  could  contribute  to  the  error. 

On  the  third  question,  since  at  any  time  only  one  system 
is  needed,  they  could  both  be  integrated  in  one  unit  to 
take  advantage  of  both. 

As  discussed  earlier,  the  first  two  questions  limit  the 
aviation  requirements  and  causes  additional  burden 
during  precision  landing  phase.  A  mitigating  factor  to 
these  two  questions  is  the  fact  that  both  WAAS  and 
LAAS  could  be  integrated  in  one  unit  or  box.  Some 
benefits  by  integration  are  LAAS  could  primarily  be 
used  to  meet  the  accuracy  requirement  of  the  flight  and 
WAAS  still  could  be  used  for  integrity  and  availability 
enhancements.  Also  only  WAAS  has  to  be  encrypted 
and  by  differencing  the  WAAS  and  LAAS  data,  the 
LAAS  could  be  monitored  to  avoid  spoofing.  Since 
WAAS  covers  a  wider  area,  encryption  on  WAAS  is  a 
better  choice.  Further,  JPO  has  a  strawman  proposal  for 
dual  use  opportunities  where  the  WAAS  signals  are 
encrypted  separately  for  both  DOD  and  DOT.  Again, 
LAAS  spoofing  is  the  more  vulnerable  spoofing  of  the 
AGPS  spoofing.  Though  it  is  early  to  provide  the 
difference  threshold  level,  based  on  test  results,  a 
threshold  of  1  -  3  meters  should  be  considered. 

At  this  writing,  AGPS  hardware  and  software  are  not 
available  in  a  single  unit  or  box  that  can  integrate  both 
configurations.  As  indicated  before,  WAAS  primarily 
used  to  find  the  flight  location  and  LAAS  primarily  used 
for  flight  landing.  Therefore,  we  refer  to  this  unit  as  a 
Flight  Locator  and  Lander  (FLL)  hereinafter. 
Recommendations  for  FLL  are  the  following: 

FLL  should  use  NDl  and  COTS  technology.  GPS 
receivers  and  differential  conections  are  easy  and 
economical  to  build  in  one  box.  Also  all  of  the 
differential  corrections  are  in  standard  RTCM  SC- 104 
or  RTCA  formats  so  that  a  wide  variety  of  GPS  receivers 
can  be  integrated.  Therefore,  it  is  suggested  that 
integrating  WAAS  and  LAAS  in  one  unit  with 
differences  between  each  used  to  counteract  LAAS 
spoofing. 

FLL  should  be  able  to  operate  with  one  internal  or  one 
external  battery  power,  or  combination  of  both. 
Additional  external  backup  power  supply  system  should 
also  be  developed. 

FLL  should  be  capable  of  interfacing  with  any  personal 
computer,  printer,  and  display  terminal. 


FLL  should  have  a  large  mass  storage  device  so  that  all 
data  can  be  stored  for  future  processing  and  analysis. 

Finally,  test  and  evaluate  the  hardware  and  software 
developed  so  that  a  comprehensive  and  appropriate 
decision  could  be  made  for  all  aviation  implementation. 
This  should  include  extensive  data  collection  at  various 
places  so  that  the  results  could  be  analyzed  scientifically. 
Evaluation  should  include  current  compatibility  and 
future  enhancement  easy  and  simple  to  implement.  In 
short,  the  conceptual  design  architecture  is  practical, 
with  extensive  applications  and  future  charters  for  the 
aviation. 

SUMMARY  AND  CONCLUSIONS 

Fitting  GPS  and  Augmentation  services  (WAAS  and 
LAAS)  into  current  and  future  worldwide  aviation 
efforts  will  require  considerable  skill  and  coordination. 
A  joint  investment  effort  is  needed  among  DOD  and 
DOT  in  order  to  simultaneously  satisfy  both  parties 
requirements  at  a  minimum  expense.  When  you  attempt 
to  optimize  one  solution  set,  you  are  probably  not  going 
to  satisfy  every  user  completely. 

This  paper  has  discussed  some  issues  associated  with 
GPS  and  augmentation  services.  Specifically,  we  started 
with  the  civil  aviation  requirements,  which  can  only  be 
satisfied  by  augmentation  technique.  Two 
augmentations,  WAAS  and  LAAS,  were  discussed  and 
current  status  provided.  Some  of  the  security  concerns 
on  jamming  and  spoofing  were  addressed.  We  showed 
that  LAAS  spoofing  is  the  most  critical  spoofing  issue. 
Finally,  how  spoofing  can  be  avoided  by  integrating 
both  WAAS  and  LAAS  for  aviation  requirement  was 
discussed.  This  integration  provides  the  benefit  of 
providing  uniformity  in  using  COTS  products  and  NDI 
items,  regardless  of  manufacturer.  Further  DOD/DOT 
study,  design,  and  testing  is  required. 
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ephemeris  component  of  user  range  error  is  negligible. 
Given  such  GPS  ephemeris  accuracies  and  a  subset  of 
satellites  observed  by  all  reference  stations,  an  exact 
expression  is  derived  for  the  covariance  matrix  of  the 
reference  station  and  satellite  clock  biases.  The  clock 
covariance  matrix  is  used  to  derive  an  exact  expression  for 
user  range  error: 

^  URE  ~ 

where  a  is  the  pseudorange  measurement  error  and 

M  is  the  number  of  reference  stations.  This  establishes  a 
lower  bound  on  user  range  error.  Expressions  are  derived 
for:  reference  station  and  satellite  clock  bias  estimation 
errors,  time  transfer  error  to  a  user,  and  time  transfer  error 
to  a  surveyed  user. 


^  Meas. 
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ABSTRACT 

A  wide  area  differential  GPS  system  is  defined  with 
GPS  satellite  orbits  and  a  network  of  reference  station 
locations.  For  routinely  attained  GPS  ephemeris 
accuracies,  a  Service  Volume  Model  shows  that  the 


INTRODUCTION 

The  Global  Positioning  System  (GPS)  [Logsdon,  1992; 
Hofmann-Wellenhof,1993;  DOD,1993],  having  become 
fully  operational  (including  Selective  Availability  (SA) 
[Braasch,1990]),  provides  the  civil  community  with  the 
basis  for  developing  differential  GPS  systems.  Such 
differential  GPS  systems  can  provide  increased 
navigational  accuracy  by  nullifying  the  effects  of  SA. 
One  such  system,  developed  by  the  Jet  Propulsion 
Laboratory,  provides  geodetic  survey  position  accuracies 
to  centimeter  levels  [Yunk,1993]. 

Two  distinctly  different  differential  GPS  systems  are 
being  developed:  Local  Differential  GPS  (LDGPS)  and 
Wide  Area  Differential  GPS  (WADGPS).  The  LDGPS 
employs  a  Reference  Station  (RS),  at  a  known  location,  to 
measure  the  GPS  signal  and  obtain  a  position  fix.  The 
resulting  differences  between  the  RS  known  and 
calculated  positions  is  a  measure  of  the  error  in  the 
received  GPS  signal.  The  LDGPS  system  transmits  this 
error  to  a  local  user  (within  100  miles  or  so  from  the  RS) 
who  can,  then,  correct  his  GPS  location  to  meter  accuracy. 
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Alternately,  the  WADGPS  [FAA,1994;  Kee,1991; 
Kee,  1 994;  Loh,  1 994;  Phlong,  1 993 ;  Mueller,  1 994] 
employs  numerous  reference  stations  placed  within  a 
Service  Volume  spaced  several  hundred  miles  from  one 
another.  To  attain  accuracies  approaching  those  of 
LDGPS  over  a  wide  area,  the  GPS  data  received  from  all 
the  RS’s  must  be  condensed  to  a  single  signal.  This  signal 
must,  then,  be  transmitted  within  required  time  constraints 
to  all  users  within  the  Service  Volume,  along  with 
indicators  of  signal  quality. 

To  attain  the  desired  accuracies  in  WADGPS,  various 
models  have  been  developed  to  interpolate  and  extrapolate 
the  corrections  at  the  RS’s  throughout  the  Service 
Volume,  WADGPS  performance  depends  to  a  large 
degree  on  the  validity  of  these  models. 

As  a  WADGPS  system  is  designed  and  developed,  one 
desires  “rules  of  thumb”  of  navigational  accuracy  to  aid 
the  various  system  trade-offs.  The  objective  of  this  paper 
is  to  develop  such  “rule  of  thumb”  formulas  for  User 
Range  Error  (URE),  The  results  are  based  on  a  rigorous 
derivation  of  system  clock  errors  and  serve  as  an  absolute 
lower  bound  on  navigation  error.  The  formulas  were 
validated  using  a  sophisticated  Service  Volume  Model, 
employing  covariance  analysis. 

URE  depends  on  three  error  sources:  Satellite  (SV) 
ephemeris  error,  SV  clock  estimation  error  and  SV  clock 
dither  prediction  error,  i.e..  Selective  Availability  (SA) 
[Braasch,1990;  Kee,1991;  Kee, 1994].  The  SV  ephemeris 
and  SV  clock  errors  are  separable  in  WADGPS,  given 
their  widely  distinct  time  constants.  Tlie  SV  ephemeris 
error  is  on  the  order  of  15  minutes,  while  SV  clock  error  is 
on  the  order  of  a  second.  The  SV  clock  dither  prediction 
error,  although  a  challenging  problem  in  itself,  can  be 
easily  separated  from  SV  ephemeris  and  SV  clock 
estimation  errors. 

Although  complex,  the  estimation  of  GPS  SV 
ephemerides  is  a  well  understood  science,  once  the  SV 
clocks  [Beisner,1980]  have  been  removed  from  the 
problem.  The  contribution  of  the  network  of  SV  and  RS 
clocks  to  the  WADGPS  navigation  error  is  not  so  clear, 
however.  The  derivation  presented  below  reveals  the 
workings  of  the  network  of  clocks  and  provides  an  exact 
measure  of  the  effect  of  the  clock  errors  on  URE 
performance.  This  also  gives  a  lower  bound  on  user  range 
error. 


PROBLEM  FORMULATION 

Given  a  set  of  Reference  Stations  (RS’s),  satellites 
(SV’s)  and  the  pseudorange  measurements  between  them, 


one  can  estimate  the  SV  ephemeris  and  SV  and  RS  clock 
biases  [Kee,1994;  Johnson,  1995].  The  instantaneous 
pseudorange  measurement  from  the  n  -th  SV  to  the  m  -th 
reference  station  can  be  written  as: 


Pn,n= 

where  r„  is  the  earth  centered  inertial  (ECI)  position  of 
SV  n ,  ^  is  the  ECI  location  of  reference  station  m ,  c 
is  the  velocity  of  light,  T  „  is  the  bias  of  the  reference 
station  clock,  is  the  bias  of  the  SV  clock  and  T|„,„  is 
the  measurement  error. 


Linearize  the  SV  ephemeris  about  a  reference 
trajectory  by  defining 

^n=K-r„REF 

and 


*mnREF 


-  ^i^nREF  ^m) 


Assume  that  N  GPS  SV’s  can  be  observed  by  M 
reference  stations.  For  the  pseudorange  measurement 
vector,  p ,  of  the  form: 

P  =  (PlpPl2?'‘'5PlA^5p2pP22?***?P27V’***5 

Pa/pPm2?‘*'?Pa4v) 

and  the  SV  ephemeris  and  clock  bias  vector,  X,  of  the 
form: 

X  =  c(X  1  2  ’  ’  M  5 ’^2  ?  *  *  *  ’ ’  ^^2  ? *  ’  *  ’  ) 


where  T  denotes  transpose,  we  define  the  measurement 
partial  derivative  matrix,  H  as  follows: 

dx 


One  may  now  write  ,  in  vector  form, 

P  “  ^REF  ^ 

Following  classical  least  squares  [Bierman,1977; 
Kee, 1994;  Johnson, 1995;  Gelb,1974],  one  can  estimate 
the  SV  ephemeris  and  clock  biases,  X,  by  minimizing 

(p-py  over  X ,  where  (•  •  • )  means  expected  value, 
and 

The  resulting  SV  ephemeris  and  clock  bias  estimator 
has  the  form: 
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The  associated  SV  ephemeris  and  clock  covariance 
matrix,  S ,  has  the  form: 


(X  -  x)ix  -xY  =  E  =  (1) 


where  a  is  the  root-mean-square 

measurement  errors: 


a 


2 

Meets. 


1 

MN 


M  N  _ 


m=\  n=\ 


of  the 


The  User  Range  Error  (URE)  has  the  form  [DOD,  1993]: 

,  Tr{K.fEH^Kl) 

■  Tr{KX) 

where  H  is  the  partial  derivative  matrix  of  the  user’s 
pseudorange  measurements  and  the  position  estimatior 
Kp  matrix  (as  defined  in  [DOD,  1993])  maps  the  user’s 
pseudorange  measurements  onto  his  location  estimate. 


The  expression  for  URE  is  complex,  involving  the 
estimation  accuracy  of  the  SV  ephemeris  and  SV  clocks 
and  the  projection  of  those  components  onto  each  user 
location  in  the  Service  Volume.  We  used  the  Loral 
Service  Volume  model  to  evaluate  URE  and  found  that 
the  influence  of  the  ephemeris  error  on  URE  was  small. 
This  observation  lead  to  the  result  of  this  paper,  i.e.,  that  a 
simple  lower  bound  for  URE  can  be  derived,  based  only 
on  the  SV  and  RS  clock  errors. 


CLOCK  COVARIANCE  MATRIX 


Assuming  that  SV  ephemeris,  ^ ,  errors  are 
sufficiently  small  to  have  a  negligible  effect  on  user  range 
error,  the  SV  clock  bias  vector  has  the  form: 

X  =  c(x  1  2  ’  *  *  *  ?"^  M  5  ’  ^2  ’  ’  ’  ) 

and  the  measurement  partial  derivative  matrix,  H  has  the 
form: 


P  OTrt  P  mn 


- ' 


Then,  in  vector  form, 

p'  =  //x  +  Ti 

Define  x  to  be  an  estimate  of  x  giving  an  estimate  of 


i'. 


p'  =  Hx 


Then  the  clock  bias  estimate  has  the  form: 

and  the  associated  clock  covariance  matrix,  S,  has  the 
form: 

(x-x)(x-xY  =  S  =  (3) 


where 
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This  matrix  can  be  expressed  in  a  spectral 
[Gantmacher,1960],  i.e.,  eigenvector-eigenvalue, 
representation: 

OloXl  +  +  MPsy  +  (M-H  iV)XAy.;vXLv 

(4) 

where 


M  dimensional 
,N  dimensional 

^RS  is  a  projection  operator,  in  T  ^  space,  which  projects 
a  vector  onto  a  subspace  orthogonal  to  and  Pgy  is  a 
projection  operator,  in  t„  space,  which  projects  a  vector 


onto  a  subspace  orthogonal  to  l^.  Note,  the  matrix, 
Xo^Xo>  •’^s  zero  weight  in  (4),  the  spectral 
decomposition  of  H‘  H. 


and 

RrsXn  ~  Xn 

where 

Off  =  (0,0,"-,0)^  ,  N  dimensional 

Also, 

(^M’^n^Xn  ~  ^ 
and 

^svXn  ~  ^ 

where 

0^  =  (0,0,- "jO)^  ,  M  dimensional 

Then, 

xIxn  =  o 

Xm+nXn  ~  ^ 

H^HXff  =  NXff 

and  X  V  is  an  eigenvector  of  H .  There  are  M  -  1 
of  these  eigenvectors  and  they  form  the  subspace  of  the 
range  of  the  projection  operator  . 

Following  a  similar  development,  one  can  show  that 
H^HXf,  =  Mx„ 

where  is  a  vector  in  space,  orthogonal  to  l^. 
These  ^  1  eigenvectors  form  the  projection  operator 
P^v  ■ 

The  zero  eigenvalue  in  (4)  expresses  the  fact  that 
absolute  time  cannot  be  obtained  from  time  difference 
measurements.  The  eigenvector  Xo  is  an  unobservable 
one  dimensional  subspace  in  the  estimation  problem  and 
has  been  analyzed  using  the  concepts  of  transparent 
variations  and  the  composite  clock  [Brown,  1991].  A  way 
to  overcome  the  difficulty  of  the  zero  eigenvalue  is  to 
require  the  mean  clock  bias  estimation  error  to  be  zero: 

%l{x-x)  =  0  (5) 


These  two  representations  for  H  are  equivalent  in 
that  they  both  have  the  same  eigenvectors  and 
eigenvalues.  By  direct  calculation,  it  can  be  shown  that 

Xo  and  Xa^-i-jv  eigenvectors  of  H , 

specifically: 

=  Oxo 


From  (3),  one  obtains  the  clock  covariance  matrix  S 
by  applying  (4)  and  (5)  and  using  the  spectral  form  of  the 
matrix  inversion  theorem  [Gantmacher,1960; 
Campbell,1979]: 


Let  X  V  ®  vector  in  T  „  space,  orthogonal  to  l  . 
Then, 


To  obtain  the  URE  in  (2)  using  (6),  one  ignores  the 
ephemeris  and  RS  clock  states.  One  can,  then,  set  H 
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equal  to  the  identity  matrix  by  redefining  Kp^  the  user’s 
position  estimator  matrix  [DOD,1993]  as  follows: 

Fl 

yM^^v  _ 

where  kg ,  and  ky  are  estimator  vectors  for  the 
user’s  east,  north  and  vertical  location  error  components: 


=  KpX 


Note  that 


Therefore 


{xl,Ql)Kl  =  0 

(0L,i^)4  =  0 

Tr^pKl]=  PDOP^ 


P^Kl  =  0 

p 

r^v^Lp  —  rs^p 


By  substituting  the  above  into  (2),  we  obtain  the  User 
Range  Error: 


Tr^pKl]  M 

This  is  the  principal  result  of  the  paper. 

In  other  words,  the  URE  clock  component  depends 
only  on  the  measurement  accuracy,  CT  (assumed  to 
be  the  same  across  all  RS  and  users)  and  the  number  of 
RS’s.  In  case  that  the  N  SV’s  and  Af  RS’s  are  not  all 
seen  by  one  another,  N  and  M  can  be  replaced  by  their 
average  or  effective  values.  The  exact  form  of  the  clock 
covariance  matrix  in  (6)  is  the  basis  for  understanding  and 
computing  time  transfer  and  user  location  accuracies.  The 
validity  of  (7)  has  been  confirmed  with  a  covariance 
model  developed  in  the  APL  language  and  by  the  Service 
Volume  Model. 

TIME  INDETERMINACY 


In  developing  the  clock  covariance  matrix,  S  in  (6), 
the  space  of  the  eigenvector 

y  - _ \ _ 

Xo  rrz — 


was  removed  [Gantmacher,1960;  Campbell, 1979].  This  is 
necessary  due  to  a  fundamental  indeterminacy  in 
estimating  clocks  using  only  time  measurement 
differences.  Absolute  time  cannot  be  measured. 


When  this  singularity  is  removed  in  (5),  the  clock 
covariance  matrix  S  represents  the  variance  of  the  clock 
bias  estimates  from  the  true  biases,  if  the  mean  of  the  true 
biases  were  known,  i.e.,  the  implied  probability  density  is 
a  conditional  density. 

This  time  indeterminacy  provides  a  natural  “lever”, 
i.e.,  a  means  of  steering,  system  time  to  follow  an  external 
standard.  One  uses  the  single  degree  of  freedom  provided 
by  the  indeterminacy  to  define  system  time  by 
constraining  the  clock  bias  estimates  to  a  weighted 
average: 

M  N 

^WAve.  ”  ^  ^RSn!^  m ^SvJn 
m~\  n=\ 

for  which 

M  N 

m=l  n-l 

The  variance  of  a  clock  bias  estimate  with  respect  to 
the  external  standard  is,  therefore,  the  sum  of  the  variance 
with  respect  to  system  time  and  the  variance  of  system 
time  from  the  external  standard. 

In  the  early  days  of  GPS,  this  clock  singularity  was 
removed  by  defining  one  clock  as  the  Master  Clock.  This 
precluded  the  use  of  all  GPS  clocks  as  an  ensemble  and 
limited  the  GPS  system  time  accuracy  to  the  accuracy  of 
the  Master  Clock.  When  the  GPS  clock  ensemble 
capability  was  developed,  GPS  system  time  keeping  was 
significantly  improved  [Brown,  1991].  Note  that  the 
Master  Clock  is  a  special  case  of  the  weighted  average. 

RS  CLOCK  BIAS  ESTIMATION  ERROR 


As  will  be  justified  in  the  Service  Volume  Model 
section,  assume  SV  ephemeris  errors  are  negligible  (<  1 
m).  For  RS  number  m,  the  variance  of  is  the 
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^RST^  1.03  ns 
<y  RST  ^  1.06  ns 


A  good  approximate  expression,  in  this  case,  for  RS  clock 
bias  estimation  error  is,  therefore, 

rr  ^  ^  Megs, 

4n 

where  N  is  the  effective  number  of  SV’s  seen  by  the  RS. 

CURRENT  SV  CLOCK  BIAS  ESTIMATION 
ERROR 

Assume  SV  ephemeris  error  is  negligible.  For  SV 
number  n ,  the  variance  of  is  the  diagonal  element  of 

Th 

IT  ^  .  .  .  =  "m  -- 


MN  NiM-^Ny]  M 

For  typical  values 

a  =  0.919  ns  (0.276  m) 

^  svT^  0.947  ns 

A  fair  approximation  to  the  current  SV  clock  bias 
estimation  error  is,  therefore, 


a  =  S  V  clock  dither  prediction  error 
^  UMeas  “  user  measurement  eiTor 
a  gyfj  =  a  priori  horizontal  SV  ephemeris  error 
A  —  effective  angle  from  user  to  SV  to  centroid  of  RS’s 

TIME  TRANSFER,  USER  LOCATION  ERROR  AND 
URE 

Time  transfer  error  for  the  normal  user  is  given  by 

2  _  ^  _ 

^  UT  ~  '^f/44  “ 

72r2  21  1  ^  2 

I^T  P  (/«£  +  UMeas.  J"  Meas. 

(Note  that  the  variance  cannot  be  negative  for  A:^is 

greater  than  or  equal  to  .)  User  location  error  is 
given  by 

(P  UN'>^  UV^  ~  (Q/115Q/22?Q/33)  “ 

)(^  URE  ■*"  ^  UMeas.) 

The  horizontal  error  is  given  by 


^2  _  2  ,2 

^  UH  UE  UN 


In  the  above 


=  — CT; 


USER  TIME  AND  LOCATION  ERROR 

As  a  result  of  the  clock  analysis  giving  the  Clock 
Covariance  Matrix  H,  one  can  directly  calculate  user 
time  and,  as  well,  location  estimation  error.  The  User 
Time-Location  Covariance  Matrix  is 

Cy  =  KSK  +  KK  (O  gyjfA  ^  Dither  ^  UMeas.) 
where 

^M^^E 

A  —  ^  „ 

yMy^T  J 

is  the  standard  user  location-time  estimation  matrix 
[DOD,1993].  Note  that: 

=  (0,0,0, 1)^ 

HDOP^  =-kl+kl 
VDOP^  =  kl 
PDOP^  =kl  +  kl+kl 
TDOP^  =  kl 


is  exact  for  the  coefficient  of  a  1 


A  typical  value 


(with  M=  15)  is 


and,  ignoring  ephemeris, 


0.415  m 


0.413  m 


The  contribution  of  the  ephemeris  (0.6m<lm)  can  be 
ignored  in  the  approximation.  This  was  confirmed  with 
the  Service  Volume  Model  and  with  a  covariance  model 
written  in  the  APL  language.  Note  that  URE  depends 
mainly  on  three  quantities  (again,  ignoring  ephemeris 
errors)  :  the  RS  measurement  error,  the  effective  number 
of  RS’s  and  the  dither  prediction  error 


^  Meas.  1^2 
,  ^  ^  Dither 

M 


INSTANTANEOUS  TIME  TRANSFER  TO  A 
SURVEYED  USER 

A  surveyed  user  puts  equal  weight  on  all  SV’s 
k  -i-i 

Calculating  user  time  transfer  error,  one  obtains 
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^  (P  SVH^  ^  Dither  ^  UMeas. 

with 


M 

N{M^Nf^ 


2 

Meas 


^  UMeas.  ~  ^ 

^  Dither  =  0-3  m 

N=  U 
M=  15 


gives 


^  Meas. 

^  SVH  ~ 

A  = 


l.lm 
0,6  m 

40 


uj=  1.11  ns 

To  good  approximation 


a 


UT 


=  1.06  ns 

4n 


Therefore,  time  transfer  to  a  surveyed  user  is  limited  by 
user  measurement  error. 


To  cover  the  service  volume,  the  Model  simulates 
several  thousand  user  locations.  The  user  is  allowed  to 
employ  4,  5  or  6  visible  SV’s,  each  of  which  must  see  5  or 
more  RS’s.  These  are  picked  to  minimize  PDOP. 

The  fast  (on  the  order  of  1  second)  processing  is 
modeled  with  one  clock  state  for  each  RS  and  one  clock 
state  and  three  position  states  for  each  GPS  and  GEO 
satellite.  The  slow  (on  the  order  of  15  minutes) 
processing  is  modeled  with  an  approximate  a  priori 
covariance  matrix  which  represents  the  resulting  accuracy 
of  the  long  term  processing. 

The  partial  derivatives  of  the  pseudorange 
measurements  are  calculated  from  the  satellite  and  RS 
positions,  given  visibility.  An  information  matrix  is 
calculated  from  the  a  priori  covariance  matrix,  the  RS 
receiver  measurement  accuracy  and  the  partial  derivatives 
of  the  measurements.  This  matrix  is  inverted  to  obtain  the 
System  State  Covariance  Matrix  (1)  which  is  augmented 
by  the  GPS  satellite  clock  dither  prediction  process  noise 
to  form  the  Predicted  State  Covariance  Matrix. 


SERVICE  VOLUME  MODEL 

The  purpose  of  the  Loral  Service  Volume  Model  is  to 
demonstrate  that  the  accuracy  portion  of  the  system 
availability  [FAA,1994]  is  met  for  a  wide  area  differential 
GPS  system  throughout  the  Service  Volume  or  to  measure 
the  fraction  of  the  Service  Volume  which  meets  these 
requirements. 

The  model  serves  not  only  as  a  system  design  tool,  but, 
ultimately,  to  support  on-line  monitoring  and  control  of  a 
WADGPS  system.  In  particular,  this  would  include  the 
capability  to  detect  loss  of  the  advertised  service  levels 
and  daily  certification  of  the  system  level  navigational 
performance.  Examples  of  such  real  time  performance 
metrics  are  in  use  by  the  operational  GPS  Control 
Segment  today:  observed  range  deviation  (ORD), 
estimated  range  deviation  (ERD)  and  monitor  station  nav 
solutions.  Each  provides  a  real  time  detection  mechanism 
to  ensure  that  the  GPS  advertised  services  are  achieved. 

The  Service  Volume  Model,  operating  efficiently  on 
an  IBM  RISC  6000  model  590,  simulates  24  GPS 
satellites  using  actual  almanac  data.  These  satellite  (S V) 
locations  along  with  those  of  8  geostationary  (GEO) 
satellites  are  calculated  as  a  function  of  time  and 
transformed  to  Earth  Centered  Earth  Fixed  (ECEF) 
coordinates.  Reference  station  (RS)  and  user  locations  are 
calculated  using  the  WGS-84  Geoid.  The  model  can 
handle  as  many  as  44  reference  stations. 


The  advantage  of  representing  errors  with  covariance 
matrices,  as  compared  to  monte  carlo  methods,  is  that, 
statistically,  much  greater  ground  can  be  covered  with  the 
same  computing  resource.  The  dimensionality  of  a 
WADGPS  system  can  be  quite  large,  e.g.,  32  satellites  and 
44  reference  stations,  with  a  minimum  of  four  states  per 
satellite.  To  obtain  reliable  variances  in  this  space,  one 
must  calculate  a  very  large  number  of  monte  carlo  points. 

The  Predicted  State  Covariance  Matrix  is  projected 
along  the  pseudorange  measurements  to  the  user.  The 
location  estimation  error  of  the  user  is  calculated  from  this 
pseudorange  covariance  matrix,  the  user’s  estimator  (K) 
matrix  and  the  user’s  measurement  error. 

The  user  estimator  (K)  matrix  is  calculated  by 
inverting  a  4  by  4  matrix  obtained  from  the  partial 
derivatives  of  the  pseudoranges  with  respect  to  the  user 
location  [DOD,1993].  This  K  matrix  implies  the  Dilution 
of  Precision  measures  (PDOP,  HDOP,  VDOP).  Visibility 
of  at  least  4  satellites  is  required. 

The  inputs  to  the  model  allow  one  to  specify  a  set  of 
user  grids,  GPS  satellite  and  GEO  orbits  and  RS  locations. 
Input  parameters  may  be  set  for  a  priori  covariances, 
system  and  user  receiver  measurement  errors,  ionosphere 
error  and  GPS  satellite  clock  dither  prediction  error. 
Various  performance  test  thresholds  may  be  set.  User 
ionosphere  error  is  also  input. 

The  outputs  consist  of  a  variety  of  user  location  error 
measures  including  all  measures  of  Accuracy  Availability. 
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These  consist  of  five  measures:  Total  Accuracy 
Availability,  Vertical  Position  Error,  Vertical  Position 
Accuracy,  Horizontal  Position  Accuracy  and  URE. 
Vertical  Position  Error  includes  user  ionospheric  error  as 
defined  in  the  Specification  [FA A,  1994;  Loh,1994]. 

Sensitivities  of  various  performance  parameters  were 
studied  with  respect  to  system  definition  parameters. 
Dependence  was  determined  of  URE  on  orbit  accuracy, 
long  term  satellite  and  RS  clock  estimation  accuracy,  and 
GPS  satellite  clock  dither  prediction  error.  We  found  that 
long  term  clock  accuracy  could  be  ignored,  that  orbit 
accuracy  of  better  than  a  meter  caused  little  improvement, 
and  that  GPS  satellite  clock  dither  prediction  had  a 
significant  effect  on  URE. 


Number  of  Stations 


Figure  1.  Dependence  of  URE  on  the  Number 
of  Stations  and  A  Priori  Ephemeris  Error, 
Zero  SV  Clock  Dither  Prediction  Error 


Figure  1  shows  user  range  error  as  a  function  of  the 
number  of  reference  stations,  parametric  in  a  priori 
ephemeris  error.  The  absolute  lower  bound,  of  equation 
(7),  is  also  shown.  Note  that  the  zero  ephemeris  error 
curve  can  be  obtained  by  replacing  the  total  number  of 
stations  by  an  effective,  or  average,  number  of  stations 
seen  per  SV.  These  data  were  produced  by  the  Service 
Volume  Model  with  parameter  values  set  for  precision 
approach.  A  24  hour  (simulated)  run  was  made  with  24  to 
37  RS’s,  24  GPS  SV’s  and  6  GEO’s. 


Figure  2.  Sensitivity  of  URE  to  Ephemeris 
and  SV  Clock  Dither  Prediction  Errors,  30 
Stations 


Figure  2  shows  the  sensitivity  of  URE  to  ephemeris 
error  and  GPS  satellite  clock  dither  prediction  error.  URE 
is  plotted  for  a  range  of  values  of  ephemeris  estimation 
error  and  SV  clock  dither  prediction  error  for  30  stations. 
Note  that,  when  the  ephemeris  error  is  reduced  below  1 
meter,  the  effect  on  URE  is  significantly  diminished. 
Clock  dither  prediction  error  begins  to  dominate  at  0.2 
meters. 

CONCLUSIONS 

An  exact  expression  was  derived  for  the  effect  of  the 
network  of  SV  and  RS  clocks  on  User  Range  Error  (URE) 
in  Wide  Area  Differential  GPS.  The  expression  serves  as 
a  lower  bound  on  URE. 

This  was  accomplished  by  means  of  an  exact  solution 
of  the  Clock  Covariance  Matrix.  Corresponding 
expressions  were  derived  for  station  and  satellite  clock 
bias  error,  time  transfer  error  to  a  user  and  time  transfer 
error  to  a  surveyed  user. 

An  approximate  expression  was  derived  for  User 
Range  Error,  including  SV  ephemeris  and  SA  prediction 
error.  This  was  confirmed  by  a  sophisticated  Service 
Volume  Model  employing  covariance  analysis. 
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ABSTRACT 

The  concern  over  potential  radio  frequency  interference 
to  the  planned  FAA  Wide  Area  Augmentation  System 
(WAAS)  can  be  greatly  reduced  with  the  careful 
development  of  testing  procedures  designed  to  ensure 
proper  operation  of  a  WAAS  sensor  in  the  presence  of 
various  types  of  interference.  This  paper  provides  the 


justification  and  theoretical  background  for  the 
interference  tests  that  a  WAAS  sensor/receiver  must  be 
subjected  to  before  certification.  These  tests  follow  the 
information  contained  in  the  RTCA  Minimum 
Operational  Performance  Standard  (MOPS)  for  Global 
Positioning  System/Wide  Area  Augmentation  System 
Airborne  Equipment,  The  interference  types  to  be  tested 
fall  into  three  primary  categories:  narrow-band 
(continuous  wave)  interference,  broad-band  interference, 
and  pulsed  interference,  each  of  which  has  a  unique 
requirement  and  test  procedure.  The  requirements  and 
tests  are  further  categorized  depending  upon  the 
particular  phase  of  flight  (en  route,  non  precision 
approach,  and  precision  approach)  for  which  the  sensor 
is  designed.  Described  are  the  specific  parameters  to  be 
quantified,  including  navigation-mode  position  accuracy, 
channel  specific  pseudorange  accuracy,  or  data 
demodulation  (bit  error  rate).  Also  included  is  a 
discussion  of  the  test  procedure  for  validating  that  the 
receiver  produces  no  harmful  misleading  information 
(HMI),  under  any  level  of  interference,  that  could 
constitute  an  integrity  threat.  This  paper  is  of  particular 
interest  to  two  groups:  1)  GPS/WAAS  manufacturers 
whose  sensors  must  show  compliance,  and  2)  Civil 
aviation  authorities  who  must  certify  the  sensors  and  also 
determine  appropriate  regulatory  measures  given  the 
limitations  of  the  WAAS  receivers. 

INTRODUCTION 

This  paper  contains  a  summary  of  the  interference  test 
procedures  required  for  GPS/WAAS  equipment  that  is  to 
be  certified  for  en  route,  terminal,  and  non  precision 
approach  operations  (Class  1  and  2  Equipment).  The 
interference  tests  for  Category  I  precision  approach 
avionics  will  be  addressed  in  the  future  as  the  precision 
approach  MOPS  are  developed.  The  tests  discussed 
herein  were  designed  in  order  to  allow  a  manufacturer  to 
show  compliance,  in  a  sound  statistical  fashion,  with  the 
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standard  interference  environment  specified  in  Appendix 
C  of  the  Draft  MOPS  [1]  and  shown  in  Figures  1  and  2 
below.  It  should  be  noted  that  these  test  procedures  are 
subject  to  change  based  on  the  Plenary  review  of  the 
MOPS  by  RTCA  Special  Committee  159. 


Interferenco  Bandwidth  -  kHz 


Note:  Interference  power  density  will  not  exceed  -1 10.5 
dBm  in  the  frequency  band  of  LI  ±10  MHz 

Figure  1.  WAAS  MOPS  In-Band  Interference 
Level  Requirements 


i - -  - i 

Figure  2.  WAAS  MOPS  Out-of-Band  Interference 
Level  Requirements 


While  interference  affects  other  requirements  such  as 
satellite  acquisition  time,  satellite  reacquisition  time,  and 
message  loss  rate,  significant  insight  into  the  testing 
philosophy  can  be  gained  by  considering  the  cases  listed 
above.  For  all  of  these  tests,  it  is  assumed  that  the  power 
of  the  GPS  satellites  is  -134.5  dBm  and  that  the  power  of 
the  WAAS  satellites  is  -135.5  dBm,  at  the  antenna  port 
of  the  receiver  under  test.  This  accounts  for  the 
maximum  4.5  dB  antenna  attenuation  at  5°  and  assumes 
that  the  satellite  power  does  not  change  as  a  function  of 
elevation  angle. 

INITIAL  ACQUISITION  TIME  TEST 

The  key  requirement  for  initial  acquisition  time  can  be 
summarized  as  follows: 

“the  time  from  application  of  power  to  the  first  valid 
position  fix  shall  be  less  than  5  minutes” 

This  requirement  assumes  that  the  receiver  has  been 
initialized  in  position  and  time  and  the  receiver  has  valid 
almanac.  Furthermore,  this  requirement  must  be  met 
under  the  standard  interference  environment  of  the 
MOPS  Appendix  C.  Therefore,  the  tests  to  verify  initial 
acquisition  performance  must  be  run  for  each  of  the 
GPS/WAAS  signal  generator  (simulator)  scenarios 
described  below.  The  two  scenarios  account  for  both 
inside  and  outside  of  WAAS  coverage. 

Scenario#!:  Initial  Acquisition  (GPS  Only) 

•  Exactly  6  GPS  satellites. 

•  Selective  Availability  disabled. 

•  Platform  dynamics:  Constant  velocity  of  800  kt 
beginning  at  5,000  ft  (MSL)  and  performing  a  3° 
climb. 

Scenario  #2:  Initial  Acquisition  (GPS  &  WAAS) 

•  Exactly  5  GPS  satellites  and  1  WAAS  satellite. 

•  Selective  Availability  disabled. 

•  Platform  dynamics:  Constant  velocity  of  800  kt 
beginning  at  5,000  ft  (MSL)  and  performing  a  3° 
climb. 


The  focus  of  this  paper  will  be  to  look  in  detail  at  the 
tests  and  associated  pass/fail  criteria  intended  to  show 
compliance  with  the  following  three  requirements: 

1 .  Initial  Acquisition  Time 

2.  No  Hazardously  Misleading  Information  (HMI) 
Test,  also  known  as  the  Interference  Integrity  Test. 

3 .  Steady-State  Accuracy 


The  interference  conditions  to  be  tested  are  shown  in 
Table  1.  These  are  all  broadband  noise  values  whose 
center  is  at  1575.42  MHz.  In  each  test,  the  interference 
is  to  be  applied  to  the  receiver  before  it  is  powered  on  or 
the  simulator  is  engaged. 
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Table  1.  Initial  Acquisition  Time  Test  Interference 
Conditions 


Noise  Bandwidth 

Total  Power  (dBm) 

100  kHz 

-116.5 

20  MHz 

-103.5 

Combining  Simulator  Scenarios  1  and  2  with  Table  1 
shows  that  the  entire  initial  acquisition  time  test  consists 
of  a  total  of  four  (4)  situations  to  be  tested:  Simulator 
Scenario  1  with  the  two  interference  conditions  listed  in 
Table  1  and  Simulator  Scenario  2  again  with  the  same 
two  noise  conditions. 

The  following  steps  are  performed  for  the  initial 
acquisition  test: 

1.  The  interference  to  be  applied  is  turned  on  and 
connected  to  the  sensor. 

2.  The  airborne  equipment  (sensor)  is  powered  and 
initialized  to  a  position  with  total  radial  error  equal 
to  60  nautical  miles,  and  one  minute  (60  seconds)  of 
error  in  time  with  respect  to  the  starting  position  and 
time  reference  in  the  simulator.  It  is  assumed  that 
the  receiver  has  obtained  a  valid  almanac  for  the 
simulator  scenario  to  be  tested  prior  to  conducting 
these  tests. 

3.  The  simulator  scenario  is  engaged  and  the  satellites’ 
RT  shall  be  turned  on. 

4.  The  time  to  first  valid  position  fix  (TTFF),  defined 
as  the  time  from  when  the  simulated  satellites’  RF  is 
engaged  until  the  first  valid  position  (with  integrity) 
is  output,  must  be  observed.  For  simulator  Scenario 
#1  (6  GPS  satellites),  integrity  must  be  provided  by 
the  sensor’s  Fault  Detection  and  Exclusion  (FDE) 
algorithm.  For  simulator  Scenario  #2  (5  GPS 
satellites  and  1  WAAS  satellite),  integrity  must  be 
provided  by  WAAS.  Along  with  the  XTFF,  at  least 
the  next  60  seconds  of  continuous  position  fixes  (a 
minimum  of  60  data  points)  after  the  initial  fix  must 
also  be  recorded  in  order  to  verify  the  accuracy 
requirement. 

5.  Precise  ephemeris  must  be  purged  or  rendered 
invalid  at  the  end  of  each  acquisition  attempt. 

6.  Go  to  Step  2  and  repeat  as  required. 

In  order  to  determine  the  pass/fail  criteria,  not  only  must 
the  TTFF  be  met,  but  the  position  fix  must  also  be  valid. 


Turning  Selective  Availability  (SA)  off  translates  the 
100  meter  (95%)  horizontal  accuracy  into  a  new  derived 
requirement  of  15  meters  (95%),  For  the  purpose  of  the 
interference  tests,  the  accuracy  statistic  is  computed 
using  the  2drms  formula  shown  below. 


Idrms  =  2 


M  1  c/ 


1.5W) 


ttyHDOP^, 


N 


where 

2drms:  Twice  the  distance,  root-mean-square 
d{:  Instantaneous  2-D  horizontal  position 

error  (meters) 

N:  Number  of  points  considered 

HDOPi:  Instantaneous  Horizontal  Dilution  of 
Precision 

The  use  of  the  2drms  formula  provides  a  conservative 
estimate  of  the  95%  error  and  effectively  weights  large 
position  errors  which  may  be  caused  by  unwanted 
interference.  A  failure  by  the  sensor  to  produce  a 
position  output  after  5  minutes  indicates  a  failure  mode, 
and  results  in  declaring  the  test  a  failure. 

Scaling  the  instantaneous  2-dimensional  position  error 
(dj)  by  4.5/HDOPj  provides  a  means  of  normalizing  the 
tests  to  a  constant  HDOP  =  1.5  and  accounts  for 
fluctuations  in  the  satellite  coverage  due  to  changing 
geometries.  HDOPj  may  be  obtained  from  the  receiver 
under  test  or  calculated  separately.  Only  those  satellites 
used  in  the  position  solution  are  included  in  the  HDOPj 
calculation.  The  manufacturer  must  demonstrate  the 
validity  of  the  values  chosen  for  HDOPj. 

To  determine  the  initial  acquisition  pass/fail  criteria, 
consider  a  single  trial  where  the  sensor  under  test 
provides  a  valid  position  fix  within  the  required  time  (5 
minutes)  and  maintains  the  required  accuracy  (15  m, 
95%)  for  at  least  the  next  60  seconds.  This  sensor  is 
considered  to  have  passed  one  (1)  trial.  Table  2  shows 
the  total  test  disposition  and  represents  a  “quit-while- 
ahead”  testing  approach  designed  to  keep  testing  times  at 
a  reasonable  length.  This  testing  philosophy  is  a  subset 
of  the  testing  required  by  the  Department  of  Defense 
(DoD)  [2]. 
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Table  2.  Graduated  Sampling  Pass/Fail  Criteria 


Trials 

Cumulative 
Failures  within 
Specified  Time 

Test 

Disposition 

First 

Zero  (0) 

Pass 

10 

One  (1) 

Run  10  More 

Trials 

Two  (2)  or  More 

Fail 

Second 

Zero  (0) 

Pass 

10 

One  (1)  or  Two 

Run  10  More 

Trials 

(2) 

Three  (3)  or  More 

Fail 

Third 

Zero  (0) 

Pass 

10 

Trials 

One  (1)  or  More 

Fail 

For  example,  if  no  failures  occur  in  the  first  ten  trials, 
success  for  that  simulator  and  interference  case  would  be 
declared  and  the  current  test  terminated.  A  single  failure 
in  the  first  set  of  ten  trials  necessitates  running  the  next 
set  of  ten  trials.  Two  or  more  failures  during  the  first 
ten  trials  indicates  that  the  sensor  has  failed  that 
particular  test,  and  so  on.  Justification  for  the  above- 
stated  criteria  is  shown  in  Appendix  M  of  the  MOPS  [1] 
and  summarized  below. 

ACQUISITION  TESTING  JUSTIFICATION 

Tests  for  initial  acquisition  and  satellite  (re)acquisition 
time  can  be  considered  to  follow  a  binomial  distribution 
based  on  the  following  assumptions: 

1 .  Each  acquisition  attempt  is  an  independent  trial,  i.e. 
the  results  of  any  single  trial  do  not  depend  on  the 
results  of  any  previous  trial,  and 

2.  Only  two  test  states  are  possible  -  acquire  (within 
the  specified  time  and  accuracy)  or  not  acquire. 

The  binomial  distribution  is  represented  by  the 
following: 

n  n  ^  jQ^ 

ZP(y)  =  E  pV’’ 

y=0  y=0  vyy 

where: 

Vyy  n!(n-y)! 
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and 

P(y)  =  Probability  of  failing  a  test 

y  =  Number  of  failures  (0,  1,  or  2) 

n  =  Number  of  trials 

p  =  Probability  of  failing  a  single 

trial 

q  =  Probability  of  passing  a  single 

trial 

A  graduated  sampling  approach  is  employed  in  order  to 
keep  test  times  within  reason.  The  number  of  failures 
per  10  trials  (y)  is  allowed  to  vary  between  zero  and  two, 
according  to  the  approach  shown  in  Table  2.  The 
acquisition  test  is  broken  out  into  a  series  of  three 
segments  each  composed  of  ten  trials.  The  “quit-while- 
ahead”  concept  is  used.  For  example,  if  no  failure 
occurs  in  the  first  10  trials,  success  is  declared  and  the 
current  test  terminated.  If  one  failure  occurred  in  the 
first  10  trials,  at  least  10  more  trials  (after  the  first  10) 
are  required  prior  to  declaring  the  test  successful. 
Therefore  let: 

a  =  Probability  of  rejecting  a 

good  receiver 

P  =  Probability  of  accepting  a  bad 

receiver 

Rational  for  this  method  of  testing  is  based  on  achieving 
an  acceptably  low  p  risk  with  a  small  number  of  samples 
and  deferring  rejection  of  a  good  receiver  (low  a)  until  a 
larger  sample  is  obtained.  Such  a  test  concept  will,  on 
the  average,  shorten  the  duration  of  the  testing.  The 
overall  probability  of  passing  the  three-segment,  30  trial 
test  is  related  to  the  probability  of  success  per  individual 
trial.  Receivers  that  are  nominally  designed  to  have  a 


Figure  3.  Acquisition  Test  Probability  Statistics 


0.95  probability  of  passing  a  single  test  will  have  0.86 
probability  of  passing  the  overall  test.  Conversely,  the 
probability  of  a  “bad”  receiver,  one  that  has  a  0.80 
chance  of  passing  a  single  trial,  will  only  pass  the  overall 
test  with  a  probability  of  0.16.  Thus,  this  graduated  test 
procedure  has  a  high  probability  of  rejecting  a  bad 
receiver.  Figure  3  shows  the  probability  of  passing  the 
overall  test  after  each  10-segment  trial  for  receivers  of 
varying  quality. 


INTERFERENCE  INTEGRITY  TEST  FOR  CLASS 
1  &  2  SENSORS 

The  key  interference  integrity  requirement  for  equipment 
that  is  to  be  certified  for  en  route,  terminal,  and  non¬ 
precision  approach  operations  (Class  1  and  2  equipment) 
can  be  summarized  by  stating  that  the  GPSAVAAS 
equipment  shall  maintain  integrity  even  under 
interference  conditions  greater  than  those  specified  in  the 
MOPS  Appendix  C.  These  tests  must  incorporate 
Selective  Availability  as  specified  in  the  MOPS 
Appendix  B  [1]. 

Tests  are  run  for  each  of  the  GPS/WAAS  signal 
generator  (simulator)  scenarios  described  below: 

Scenario#!:  Interference  Integrity  Test  (GPS  Only) 

•  Exactly  6  GPS  satellites. 

•  Selective  Availability  enabled. 

•  Case  1 :  Stationary  sensor. 

•  Case  2:  Dynamics  as  specified  in  Table  3. 

referencing  Figures  4  and  5. 

Scenario  #2:  Interference  Integrity  Test  (GPS  and 
WAAS) 

•  Exactly  3  GPS  satellites  and  1  WAAS  satellites. 

•  Selective  Availability  enabled. 

•  Case  1:  Stationary  sensor. 

•  Case  2:  Dynamics  as  specified  in  Table  3. 

referencing  Figures  4  and  5. 

The  dynamic  profile  values  in  Table  3  are  derived  from 
the  maximum  abnormal  non-precision/precision 
approach  maneuver  dynamics  as  specified  in  the  MOPS. 
Figure  4  shows  one  cycle  of  motion.  The  simulated 
motion  shall  alternate  between  horizontal  and  vertical 
motion  as  indicated  in  Figure  5. 


Table  3.  Dynamic  Profile  Values  For  The 
Interference  Integrity  Tests 


Description/Label 

Horizontal 

Vertical 

Maximum  Jerk  (A) 

7.3  m/s^ 

7.3  m/s^ 

Jerk  Period  (B) 

2.7  s 

2.0  s 

Constant  Acceleration 
Period  (C) 

3.9  s 

6.7  s 

Constant  Velocity 
Period  (D) 

3.9  s 

6.7  s 

Maximum 
Acceleration  (E) 

19.6  m/s^ 

14.7  m/s^ 

Cycle  Duration 

52.4  s 

69.9  s 

(Conceptual  Picture  Only:  Not  Drawn  to  Scale) 


Figure  4.  Generic  Dynamic  Profile 

It  should  be  noted  that  the  velocity  profile  has  been 
drawn  showing  either  constant  or  linearly  changing 
values.  The  simulator  realization  of  this  profile  is 
required  to  produce  accurate  nonlinear  velocity  and 
range  profiles  as  needed. 

Note:  Manufacturers  using  simulator  equipment  unable 
to  generate  the  specified  dynamic  profiles  must  create 
tests  that  generate  equivalent  information. 

A  Vertical  Cycle  1 


4- 


4 


Horizontal  Cycle  1 


Horizontal  Cycle  2 


I  Vertical  Cycle  2 


Figure  5.  Dynamic  Profile  Horizontal  And  Vertical 
Motion 
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The  continuous  wave  interference  frequencies  to  be 
tested  are  shown  in  Table  4.  The  beginning  steady-state 
power  values  are  shown  in  the  table.  During  the  initial 
acquisition  phase,  the  applied  interference  power  at 
1575.42  MHz  is  6  dB  less  than  that  shown  in  the  table. 
The  I/S  ratio  is  varied  according  to  the  test  procedures. 


Table  4.  Initial  Interference  Integrity  Test  CW 
Interference  Values 


Frequency 

(MHz) 

Power  (dBm) 

1/S  (dB) 

1525.0 

-12.0 

122.5 

1555.42 

-89.5 

45.0 

1575.42 

-120.5 

14.0 

159542 

-89.5 

45.0 

1610.0 

-30.0 

104.5 

1618.0 

-12.0 

122.5 

1626.0* 

+8.0 

142.5 

*  Only  Required  for  Aircraft  with  SATCOM 


The  following  steps  are  to  be  performed  for  the 

interference  integrity  test: 

1.  The  interference  to  be  applied  is  turned  on  and 
connected  to  the  sensor.  Note  that  the  power  of  the 
interference  during  initial  acquisition  is  lower  than 
that  for  steady-state  operation. 

2.  The  airborne  equipment  is  powered  and  initialized 
to  a  position  with  a  total  radial  error  of  60  nautical 
miles,  and  one  minute  (60  seconds)  of  error  in  time 
with  respect  to  the  starting  position  and  time 
reference  in  the  simulator.  It  is  assumed  that  the 
receiver  has  obtained  a  valid  almanac  for  the 
simulator  scenario  to  be  tested  prior  to  conducting 
these  tests. 

3.  The  simulator  scenario  is  engaged  and  the  satellites’ 
RF  turned  on. 

4.  The  sensor  is  allowed  to  reach  steady  state.  When 
the  sensor  has  reached  steady  state,  the  power  of  the 
interference  is  adjusted  (adjustment  necessary  only 
at  1575.42  MHz)  to  the  values  shown  in  Table  4  and 
maintained  for  200  seconds. 

5.  The  position  and  integrity  status  indicator  must  be 
recorded  during  this  interval.  Note  that  for 
Simulator  Scenario  1  (Cases  1  &  2)  integrity  must 
be  provided  by  FDE,  and  for  Scenario  2  (Cases  1  & 
2),  the  integrity  must  be  provided  by  WAAS. 


6.  The  power  of  the  interfering  signal  is  increased  by 
10  dB  and  maintained  for  200  seconds.  The  position 
and  integrity  status  indicator  must  be  recorded 
during  this  interval. 

7.  Go  to  Step  6  and  repeat  until  the  interference  power 
equals  +30  dBm  (I/S  =  +164.5  dB)  or  until  no  status 
change  has  occurred  over  the  last  two  10  dB  power 
increases;  i.e.,  the  sensor  indicates  loss  of  integrity 
and  no  position/navigation  information  is  being 
output. 

8.  Decrease  the  interference  power  in  10  dB  steps, 
remaining  at  each  level  for  200  seconds.  Integrity 
and  position  information  must  be  recorded  when  the 
sensor  resumes  operation  as  the  interference  power 
is  decreased. 

9.  Go  to  Step  8  and  repeat  until  the  interference  has 
returned  to  the  values  specified  in  Table  4. 

10.  Go  to  Step  2  and  repeat  as  required.  Precise 
ephemeris  must  be  purged  or  rendered  invalid  at  the 
start  of  each  new  interference  frequency  being 
applied. 

To  determine  the  interference  integrity  pass/fail  criteria, 
the  instantaneous  horizontal  position  error  (computed 
using  the  2drms  accuracy  statistic)  and  integrity  indicator 
flag  is  observed.  The  equipment  fails  the  interference 
integrity  test  if  the  2-D  position  error  exceeds  the 
Horizontal  Protection  Level  (HPL)  or  Horizontal  Alert 
Limit  (HAL)  without  indicating  a  loss  of  integrity 
monitoring,  and  a  loss  of  navigation  is  not  indicated. 

STEADY-STATE  ACCURACY  TEST 

The  key  steady-state  accuracy  requirement  states  that  the 
GPS/WAAS  equipment  must  maintain  an  accuracy  of 
100  m  (95%).  However,  with  SA  off,  the  accuracy 
threshold  is  given  as  15  m  (95%). 

The  tests  to  verify  steady-state  accuracy  performance  are 
run  for  each  of  the  GPS/WAAS  signal  generator 
(simulator)  scenarios  described  below: 

Scenario#!:  Steady-State  Accuracy  Test  (GPS  Only) 

•  Selective  Availability  disabled. 

•  Dynamics  as  specified  in  Table  5.  referencing 
Figures  4  and  5^ 

•  Exactly  6  GPS  Satellites  for  300  seconds. 

•  Then,  exactly  4  GPS  Satellites  for  the  remainder  of 
test. 
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Scenario  #2:  Steady-State  Accuracy  Test  (GPS  & 
WAAS) 

•  Selective  Availability  disabled. 

•  Dynamics  as  specified  in  Table  5.  referencing 
Figures  4  and 

•  Exactly  4  GPS  satellites  and  2  WAAS  satellites  for 
300  seconds. 

•  Then,  exactly  2  GPS  satellites  and  2  WAAS 
satellites  for  the  remainder  of  the  test. 

Note:  Removal  of  the  GPS  satellites  for  the  steady-state 
portion  of  the  test  must  be  accomplished  by  disabling  the 
RF  of  those  satellites  in  the  simulator  and  not  by  de¬ 
selection  in  the  receiver. 

The  dynamic  profile  values  in  Table  5  are  derived  from 
the  maximum  normal  non-precision/precision  approach 
maneuver  values  specified  in  the  MOPS.  The  simulated 
motion  must  alternate  between  horizontal  and  vertical 
motion  as  indicated  in  Figure  5.  The  total  duration  of  the 
test  must  be  at  least  105  minutes.  This  includes  the  time 
required  by  the  sensor  to  reach  steady-state. 


Table  5.  Dynamic  Profile  Values  For  The  Steady- 
State  Tests  (See  Figures  4  and  5) 


Description/Label 

Horizontal 

Vertical 

Maximum 

Jerk  (A) 

2.5  m/s^ 

2.5  m/s^ 

Jerk  Period  (B) 

2.3  s 

2.0  s 

Constant  Acceleration 
Period  (C) 

20.3  s 

24.2  s 

Constant  Velocity 
Period  (D) 

20.3  s 

24.2  s 

Maximum 
Acceleration  (E) 

5.7  m/s^ 

4.9  m/s^ 

Cycle  Duration 

180.8  s 

209.8  s 

For  these  tests,  a  maximum  of  four  satellites  will  be  used 
to  verify  that  the  receiver,  once  in  steady  state,  can 
continue  to  compute  a  position  when  a  specific  set  of 
satellites  is  required.  Note  that  using  only  four  GPS 
satellites  in  the  GPS  only  case  will  cause  an  integrity 
warning,  which  is  to  be  ignored  for  these  tests  as  long  as 
a  position  output  is  continually  generated. 

The  interference  conditions  to  be  evaluated  are  shown  in 
Tables  6.  7,  and  8.  Table  6  contains  the  broadband  noise 
values  (whose  center  is  at  1575.42  MHz).  Table  7 
contains  the  continuous  wave  (CW)  cases  to  be  tested. 
Shown  in  Table  8  are  the  pulsed  interference  conditions 


to  be  tested.  In  all  cases,  the  interference  is  to  be  applied 
to  the  WAAS  sensor  before  the  simulator  is  engaged. 

The  power  levels  indicated  in  Tables  6  and  2  are  for  the 
steady-state  portion  of  the  tests  and  correspond  to 
Classes  3  and  4  equipment  and  installations  with 
SATCOM.  The  power  during  the  first  300  seconds 
(initial  acquisition)  of  each  broadband  test  is  6  dB  lower 
than  those  listed  in  Tables  6.  Power  levels  for  Class  1  & 
2  equipment  steady-state  operations  are  6  and  3  dB  lower 
than  those  listed  in  the  Table  6  and  the  1575.42  MHz 
CW  value  in  Table  7.  respectively. 


Table  6.  Steady-State  Accuracy  Test  Broadband 
Interference  Values 


Noise  Bandwidth 

Total  Power  (dBm) 

100  kHz 

-110.5 

2  MHz 

-97.5 

Table  7.  Steady  State  Accuracy  Test  CW 
Interference  Values 


Frequency 

(MHz) 

Power  (dBm) 

I/S(dB) 

1525.0 

-12.0 

122.5 

1555.42 

-89.5 

45.0 

1575.42* 

-120.5 

14.0 

1595.42 

-89.5 

45.0 

1610.0 

-30.0 

104.5 

1618.0 

-12.0 

122.5 

1626.0** 

+8.0 

142.5 

*  Interference  power  is  decreased  6.0  dB  during  initial 
acquisition 

**  Only  Required  for  Aircraft  with  SATCOM 


Table  8.  Steady-State  Accuracy  Test  Pulsed 
Interference  Values 


Frequency 

(MHz) 

GPS  Only 
Scenario 
Pulsewidth 
(milliseconds) 

GPS  &  WAAS 
Scenario 
Pulsewidth 
(microseconds) 

1525.0 

- 

125.0 

1555.42 

1.0 

125.0 

1575.42 

1.0 

125.0 

1595.42 

1.0 

125.0 

1610.0  1 

- 

125.0 

For  the  pulsed  interference  tests,  a  pulse  modulated 
carrier  (CW)  with  peak  carrier  level  of  +30  dBm  (1.0 
Watt)  and  duty  factor  of  10%  shall  be  used.  This  applies 
to  both  the  1.0  msec  pulses  for  the  GPS  only  case  and  the 
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125.0  |isec  pulses  for  the  GPS  &  WAAS  case.  This 
corresponds  to  an  I/S  ratio  of +164.5  dB. 

Therefore,  the  entire  steady-state  accuracy  test  will 
include  a  total  of  sixteen  (16)  cases  to  be  tested: 
Simulator  Scenario  1  (GPS  Only)  with  the  three  (3) 
conditions  of  Table  8  and  Simulator  Scenario  2  (GPS  & 
WAAS)  with  the  thirteen  (13)  interference  conditions 
listed  in  Tables  6. 2,  and  §.  Equipment  for  use  in  Satcom 
equipped  aircraft  requires  an  additional  CW  case  to  be 
tested. 

The  following  steps  are  to  be  performed  for  the  steady- 
state  accuracy  test: 

1.  The  interference  to  be  applied  is  turned  on  and 
connected  to  the  sensor.  The  power  is  set  to  the 
appropriate  initial  acquisition  level. 

2.  The  airborne  equipment  is  powered  and  initialized 
to  a  position  with  total  radial  error  equal  to  60 
nautical  miles,  and  one  minute  (60  seconds)  of  error 
in  time  with  respect  to  the  starting  position  and  time 
reference  in  the  simulator.  It  is  assumed  that  the 
receiver  has  obtained  a  valid  almanac  for  the 
simulator  scenario  to  be  tested  prior  to  conducting 
these  tests. 

3.  The  simulator  scenario  is  engaged  and  the  satellites’ 
RF  is  turned  on. 

4.  Position  fixes  are  to  be  observed  (recorded) 
beginning  no  later  than  5  minutes  after  application 
of  the  simulator  output  to  the  sensor.  After  the 
initial  5  minutes,  the  power  of  the  is  adjusted  to  the 
required  steady-state  level.  The  steady-state  data 
must  be  recorded  once  per  minute  for  no  less  than 
100  minutes.  The  sampling  interval  is  set  to  one 
minute  in  order  to  obtain  independent  samples. 

5.  Go  to  Step  2  and  repeat  as  required.  Precise 
ephemeris  must  be  purged  or  rendered  invalid  after 
each  trial. 

The  accuracy  statistic  must  be  computed  using  the  2drms 
formula  as  shown  above.  The  pass/fail  criteria  for  the 
steady-state  accuracy  interference  tests  is  a  comparison 
between  the  2drms  accuracy  computed  over  the  steady- 
state  portion  of  the  test  and  a  scaled  version  of  the 
accuracy  requirement.  With  selective  availability 
disabled  and  no  multipath,  it  can  be  assumed  that  the  5  m 
pseudorange  noise  component,  including  interference 
effects,  translates  into  a  maximum  of  position  error  of  15 


m  (95%  2-dimensional  accuracy),  where  15  m  =  (2)  *  (5 
m)*(HDOP=  1.5). 

The  actual  pass/fail  threshold  value  depends  on  the 
duration  of  the  test  and  follows  a  chi-square  distribution 
(see  MOPS  Appendix  M).  The  evaluation  process 
consists  of  determining  the  variance  of  100  steady-state 
data  points  (sampled  at  once  per  minute)  with  a  desired 
confidence  of  0.99.  Using  the  chi-squared  distribution 
with  99%  confidence  it  can  be  shown  that  the  maximum 
allowable  2drms  error  is  equal  to  12.5  m.  Therefore,  in 
order  to  determine  the  test  disposition,  the  2drms  error  is 
computed  beginning  300  seconds  after  test  initiation 
until  the  total  105-minute  test  is  complete.  This  2drms 
error  value  is  compared  with  12.5  m.  If  the  2drms  error 
is  less  than  or  equal  to  12.5  meters,  the  sensor  has  passed 
that  interference  condition  test.  If  the  2drms  error  is 
greater  than  12.5  m,  the  sensor  has  failed  the  test. 

If  it  is  necessary  to  run  the  test  longer  in  order  to  move 
the  decision  threshold  closer  to  the  limit  of  15.0  meters. 
Appendix  M  of  the  WAAS  MOPS  [1]  should  provide  the 
necessary  fi*amework  for  accomplishing  this. 

STATISTICAL  JUSTIFICATION  FOR 

ACCURACY  TEST  REQUIREMENTS 

It  can  be  shown  that  the  percent  confidence  (a)  of  the 
variance  (a^)  for  a  normally  distributed  random  variable 
can  be  upper  bounded  by  using  the  computed  sample 
variance  (s^)  according  to  the  following: 


where 

n:  Number  of  data  points 

:  Chi-squared  distribution 

a:  Percent  confidence 

For  example,  in  the  steady-state  accuracy  test  of  section 
2.5.8,  it  is  required  that  the  2drms  (95%  2ct)  accuracy  be 
15  m  (with  SA  off).  Given  a  required  confidence  of  a  = 
0.99  and  100  data  points  (n  =  100),  the  chi-squared 
distribution  dictates  that  s^  =  39.3  meters  =  ((12.5 
meters)/2)^; 

(99X39.3)  ^5^25 

69.2 
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which  yields  a  <  7.5  m,  thus  meeting  the  2a  <  15  m 
requirement. 

Therefore,  when  the  sampled  2drms  value  is  less  than  or 
equal  to  12.5  meters,  it  is  known  with  99.0%  confidence 
that  the  15  m  (95%)  error  component  due  to  pseudorange 
noise  requirement  is  not  exceeded. 

SUMMARY 

Following  extensive  study,  the  RTCA  and  FAA  are 
taking  a  new  approach  to  specifying  and  testing 
interference  effects  on  GNSS  receivers.  The  intent  is  to 
provide  test  methods  with  statistically  based  assurances 
of  receiver  performzuice.  These  tests  can  be  categorized 
as  Acquisition,  Interference  Integrity,  and  Steady-State 
Accuracy  tests.  With  the  approval  of  the  new  WAAS 
MOPS  these  requirements  and  tests  will  be  the  standard 
by  which  the  interference  performance  of  FAA-certified 
GNSS  receivers  is  judged. 
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ABSTRACT 

Three  separate  Wide  Area  Augmentation  Programs  have 
been  proposed  independently  by  Australia,  P.  R.  China 
and  Japan  within  the  same  geographical  region.  This 
paper  discusses  the  opportunity  to  combine  or  integrate 
these  three  systems  into  one  unified  WAAS  system  for 
the  whole  Asian-Australian  area.  This  resulting  system, 
which  we  may  call  "Asian-Australian  Augmentation 
System"  (AAAS)  would  provide  full  integrity,  accuracy 
and  an  additional  ranging  capability  for  all  phases  of 
flight  such  as  oceanic,  domestic,  non-precision-  and 
precision  approach  for  most  of  the  countries  in  East-Asia 
and  Australia. 

The  paper  first  addresses  the  configuration  and 
operational  strategy  for  the  AAAS  system.  The 
performance  enhancements  provided  by  the  AAAS  are 
then  examined,  in  particular  the  geometric  precision  of 
GEOs  orbit  determination.  Then,  Navigation  Availability 
and  Receiver  Autonomous  Integrity  Monitoring  (RAIM) 
Availability  are  studied  over  the  areas  of  Australia, 
China,  Japan  and  South-East  Asia  for  the  non-precision 
approach  phase  of  flight.  Different  combinations  and 
configurations  of  GPS  and  GEO's  are  evaluated.  The 
results  demonstrate  that  the  accuracy  of  GEO  orbit 
determination  from  the  AAAS  ground  network  is  vastly 
superior  to  countiy-wide  operation.  AAAS  achieves 
RAIM  availability  of  100  percent,  using  the  integrated 
constellation  of  the  6  GEO  satellites  from  the  individual 
networks,  and  their  ranging  functions. 
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1.  INTRODUCTION 

The  Wide-Area  Augmentation  System  (WAAS)  concept 
has  been  widely  accepted  as  one  of  the  most  important 
means  to  inq)rove  GPS  integrity,  accuracy  and 
availability  for  sole  means  of  civil  aviation  [1].  It 
provides  GPS-like  ranging  signals  from  the  geostationary 
relay  satellites  to  increase  navigation  availability  and 
RAIM  capability  for  all  phases  of  flight.  It  also 
broadcasts  GPS  failure  messages  and  differential  GPS 
corrections  (determined  by  a  ground  integrity  monitoring 
and  reference  network)  modulated  onto  the  LI  carrier 
phase  to  GPSAVAAS  user  receivers,  in  order  to  provide 
full  integrity  and  accuracy  for  precision  approach  down 
to  Category  1. 

Recognising  its  potential,  similar  WAAS  programs  have 
been  proposed  independently  for  Australia,  Japan  and  P. 
R.  China.  In  Australia,  the  Civil  Aviation  Authority 
(CAA,  now  Air  Services  Australia,  ASA)  proposed  in 
1993  to  implement  an  Australian  Wide  Area 
Augmentation  Systems  (Australian  WAAS)  in  order  to 
improve  the  integrity  and  availability  of  the  GPS  system, 
to  meet  the  criteria  for  sole  means  of  navigation  in  civil 
aviation.  Current  planning  envisages  the  use  of  this 
system  for  all  phases  of  flight  down  to  Non-Precision 
Approach  (NPA)  within  the  Australia  Area  of  Interest 
(AAOI)  [2].  In  Japan,  the  Japanese  Civil  Aviation 
Bureau  (JCAB)  and  Ministry  of  Transport  (MOT^  are 
jointly  developing  a  GPS  Integrity  Channel  (GIC) 
network  to  broadcast  GPS  integrity  and  differential 
information  for  Civil  Air  Navigation.  The  first  phase  of 
the  system  will  be  implemented  in  1998.  JCAB  and 
MOT  are  also  considering  the  augmentation  of  the 
Global  Navigation  Satellite  System  (GNSS)  by  GEO's 
navigation  overlay  service  in  order  to  improve 
availability  and  positioning  accuracy  for  Civil  Air 
Navigation  in  Japan  [3].  In  P.  R.  China,  the  Civil 
Aviation  Administration  of  China  (CAAC)  has 
determined  to  gradually  set  up  a  WAAS  in  order  to  fulfil 
the  integrity,  availability  and  continuity  requirements  for 
all  phases  of  flight  down  to  non-precision  approach  [4]. 
The  ultimate  objective  of  the  Chinese  WAAS  is  to 
provide  a  sole  means  of  navigation  facility  for  all  phases 
of  flight  down  to  CAT  I  precision  approach  and  landing. 

Initial  proposals  to  coordinate  these  three  independently 
developing  WAAS  systems  into  an  enhanced  WAAS 
system  for  the  Asian-Australian  region  are  contained  in 
[5,6].  Bilateral  agreements  on  technical  corporation  and 
coordination  have  already  been  signed  between  some  of 
the  interested  parties  (CAAC,  JCAB  and  ASA)  and  with 
the  US  FAA  [5].  The  combined  and  unified  system, 
which  we  may  call  Asian-Australian  Augmentation 
System  (AAAS),  would  provide  superior  integrity. 


accuracy  and  additional  ranging  capability  for  most  of 
the  Austral-Asian  countries  and  for  all  phases  of  flight 
such  as  oceanic,  domestic,  non-precision  and  precision 
approaches. 

This  paper  aims  to  study  the  technical  improvements 
possible  through  such  an  AAAS  system:  The  AAAS 
system  could  use  the  monitoring  data  from  all  three 
countries  to  improve  upon  the  accuracy  of  GEOs  orbit 
determinations,  and  it  provides  more  geostationary 
satellites  to  enhance  the  availability  of  the  system 
service.  In  the  following,  we  will  first  give  an  overall 
description  of  the  AAAS  configuration  and  a  proposed 
operational  strategy.  The  performance  enhancements 
provided  by  the  AAAS  are  examined  in  terms  of 
accuracy  of  GEO’s  orbit  determination,  and  Navigation 
and  RAIM  availability  over  the  areas  of  Australia,  P.R. 
China,  Japan  and  South-East  Asia  for  the  non-precision 
approach  phase  of  flight,  as  this  is  the  most  stringent 
navigation  requirement. 


2.  DESCRIPTION  OF  THE  ASIAN- 

AUSTRALIAN-AUGMENTATION 
SYSTEM  (AAAS) 

The  WAAS  as  currently  planned  by  FAA  sets  a 
conceptual  example  for  GPS-based  navigation 
augmentation  systems.  Regardless  of  particular  ground 
control  regions,  the  architecture  and  operational 
principle  of  different  WAAS  systems  are  basically  the 
same.  A  WAAS  system  consists  of  Geostationary 
satellites  (GEOs),  Wide  Area  Reference  Stations  (WRSs) 
and  Wide  area  Master  Stations  (WMSs)  and  Ground 
Earth  Stations  (GESs).  Earlier  availability  studies  have 
shown  that  a  NPA  navigation  availability  of  100%  can  be 
achieved  with  at  least  two  GEO  satellites,  which  provide 
ranging  signals  or  navigation  overlay  service  for  their 
footprint  users.  RAIM  availability  will  also  improve  with 
the  number  of  GEO  satellites  in  view.  The  number  of 
WRSs  may  vary  and  depends  on  the  size  of  the  covered 
region  or  service  volumes.  One  WMS  station  and  one 
GES  station  are  required  to  run  at  all  time,  and  one  or 
more  extra  stations  serve  as  hot-stand-by  facility.  The 
data  link  amongst  these  ground  stations  is  typically  over 
terrestrial  lines,  but  may  involve  GEOs  standard 
communication  channels  where  appropriate. 

Table  1  compares  the  configuration  parameters  of 
different  GPS  wide  area  augmentations,  as  developed  or 
proposed  by  US  FAA,  JCAB,  ASA,  CAAC  and  AAAS. 
These  parameters  are  approximate  and  have  not  been 
finalised.  The  proposed  AAAS  system  is  a 
straightforward  combination  of  the  Japanese  WAAS, 
Australian  WAAS  and  Chinese  WAAS  systems. 
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Table  1  Configuration  parameters  of  the  individual  WAAS  and  of  the  AAAS  systems 


Augmentation 

#  of  WRSs 

#of  WMSs 

#  of  GESs 

#  of  GEOs 

Service  area 

USFAAWAAS 

15-30 

2-4 

2-4 

2-6 

CONUS 

Japanese  WAAS 

4 

1  active 

2 

Japan 

Australian  WAAS 

10-12 

2-3 

AAOI 

Chinese  WAAS 

8- 15 

2-3 

China 

AAAS 

22-31 

IK^ESSSSHI 

4-6 

Asia-Australia 

In  the  early  stage  of  the  AAAS  development,  the  AAAS 
would  consist  of  all  the  ground  stations  and 
geostationary  satellites  of  the  individual  systems.  The 
system  service  area  covers  China,  Japan,  South-East  Asia 
and  Australia.  The  locations  of  various  ground  stations 
can  be  seen  in  Figure  1. 


figure  2  Possible  AAAS  Ground  Stations 


The  unified  AAAS  allows  to  make  full  use  of  the 
resources  and  observation  data  to  provide  an  enhanced 
navigation  service.  On  the  other  hand,  it  also  increases 
the  degree  of  difficulty  in  system  operation  and 
coordination.  In  a  simple  solution,  the  three  systems 
function  relatively  independently,  but  exchange  the  pre- 
processed  monitoring  data  for  post-processing  of  GPS 
and  GEO  orbit  determination.  In  particular,  the  proposed 
operational  strategy  for  the  AAAS  is  as  follows: 

•  Each  Wide  Area  Reference  Station  (WRS)  station 
collects  measurements  from  all  the  GPS-  and  GEO 
satellites  in  view,  processes  and  aggregates  the  data 
according  to  an  unified  algorithm  and  sends  this  data 
to  its  own  country  Wide  Area  Master  Station  (WMS); 


•  Each  country  WMS  is  responsible  for  preparing  and 
formatting  the  user  data  messages  including  satellite 
integrity  messages,  differential  corrections  and 
ionospheric  delay  information.  These  country- 
dependent  messages  are  then  transmitted  to  the  one 
currently  active  Ground-Earth  Station  (GES)  within 
the  AAAS  (the  other  two  country  GESs  are  in  stand¬ 
by  mode).  The  three  country  WMSs  also  compress 
and  mutually  exchange  their  observation  data.  For 
cross-check  purposes,  each  WMS  centre  creates 
GEO-  and  GPS  orbits  by  using  all  the  data  collected 
from  all  the  three  countries  according  to  unified  orbit 
determination  software. 

*  At  the  active  GES,  the  results  from  the  three  country 
WMS  are  cross-checked,  integrated  and  then 
uplinked  to  all  the  GEO  satellites,  together  with  the 
navigation  signals  generated  in  the  GES. 

This  strategy  requires  a  minimum  of  coordination 
between  the  systems  and  authorities.  It  allows  distributed 
authority  and  thus  flexibility  in  the  implementation  and 
operation  of  the  AAAS.  Even  though,  efficient 
collaboration  amongst  the  countries  involved  is  still  a 
necessity. 

3.  PERFORMANCE  IMPROVEMENTS 
THROUGH  AAAS 

We  now  examine  the  performance  improvements  which 
can  be  attained  trough  the  integration  of  the  individual 
systems  into  the  unified  AAAS.  Here,  RAIM  is  of 
particular  importance  as  it  is  an  essential  component  in 
system  integrity  and  flight  safety  enhancement.  RAIM 
availability  criteria  for  non-precision  approaches  are 
most  stringent,  and  most  sensitive  to  the  constellations  of 
GEO  satellites.  Also,  the  accuracy  of  GEOs  orbit 
determination  will  directly  impact  on  user  positioning 
capability.  Thus,  we  focus  on  these  two  parameters  in  our 
study  of  AAAS*s  performance  characteristics. 

3.1  Precision  of  GEOs  Orbit  Solutions 

GEOs  broadcast  ephemerides  have  to  be  created  at  the 
WMS  from  the  tracking  data  of  the  WRSs..  Assuming 
that  the  locations  of  the  ground  stations  are  precisely 
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known,  the  accuracy  of  GEOs  orbit  solutions  depends 
mainly  on  the  GEOs  ranging  enors  and  on  the  geometry 
of  ground  tracking  network  in  their  footprint.  The  errors 
of  the  GEOs  position  solutions  are  a  primary  error 
contribution  to  the  UERE  in  the  GPS/WAAS  positioning 
solution.  Thus,  the  improvement  of  the  GEOs  orbit 
solutions  is  an  important  objective  in  the  performance 
enhancement  of  the  navigation  system. 


GEO  satellite  (90  E] 


Figure  2  An  ideal  tracking  network  for  a  GEO  at  [90E,0] 

An  ideal  tracking  network  for  a  GEO  satellite  consists  of 
4  or  more  ground  stations,  uniformly-distributed  along 
the  perimeter  of  its  (circular)  footprint.  Figure  2  gives  an 
example  of  such  a  network  and  of  the  footprint,  which 
extends  for  120  degrees  in  latitude  and  longitude.  Any 
country  network  can  only  cover  a  fraction  (less  than  one 
sixth)  of  this  footprint  area.  The  AAAS  concept  however 
allows  the  use  of  appropriately  widely  dispersed  ground 
stations  on  both  sides  of  the  equator,  covering  a  half  to 
two  third  of  the  footprint  area.  This  allows  a  significant 
strengthening  of  the  geometry  of  GEOs  orbit  solutions. 
We  may  use  the  concept  of  Geometric  Dilution  Of 
Precision  (DOP)  to  evaluate  the  relative  suitability  of  a 
given  ground  network  configuration  for  GEO  orbit 
determination. 

Table  2  lists  the  DOP  values  of  GEO  orbit 
determinations,  when  tracked  from  the  individual  ground 
networks  in  Japan,  China  and  Australia,  and  when 
combining  the  networks  into  one  AAAS  network  .  The 
ranging  RMS  errors  for  all  the  GEO  measurements  are 
assumed  to  be  identical.  The  symbols  NDOP,  EDOP  and 
UDOP  denote  the  DOP  values  of  the  Northing  (cross 
track).  Easting  (along  track)  and  Upward  (radial) 
components  of  the  GEO  position  errors.  The  results  show 
that  the  DOP  values  of  GEOs  orbit  determination  for  the 
AAAS  network  are  5  times  as  favourable  as  for  the  three 
individual  country  networks:  If,  for  instance,  we  achieve 


from  the  Australian  country  network  a  GEO  orbit 
accuracy  of  50  metres  in  the  Upward  component,  the 
accuracy  of  the  corresponding  AAAS  orbit  determination 
would  be  about  10  metres.  This  reduces  the  GEO  orbit 
error  component  in  UERE  from  tens  of  metres  to  the 
level  of  a  few  metres,  making  it  into  a  minor  factor  in 
the  UERE  budget.  As  a  result,  this  gives  a  simple 
explanation  for  the  assumption  of  Ogeo  =  15  metres  in 
the  following  availability  evaluations.  The  1  a  error  of 
15  metres  is  also  the  level  of  GPS  UERE  without 
Selective  Availability  on. 

3.2  Navigation  Availability  and  RAIM  Detection 
Availability 

The  Navigation  availability  and  RAIM  availability  for 
each  individual  country  WAAS  system  and  for  the 
unified  AAAS  system  were  studied.  Availability  is 
defined  as  the  percentage  of  time  the  system  provides  the 
required  performance  for  a  given  phase  of  flight.  For 
non-precision  approach,  we  define  availability  as  the 
average  over  a  24  hour  period.  The  evaluation 
approaches  for  navigation  and  RAIM  availabilities 
follow  ref  [7].  In  this  context,  the  Navigation  function  is 
deemed  available  if  2  HDOP  Ogps  <  0-3  nmi,  where 
cTgps  =  33.0.  The  RAIM  Detection  function  is 
automatically  determined  to  be  unavailable  if  fewer  than 
5  satellites  are  visible  to  the  user.  If  5  or  more  satellites 
are  visible,  the  Approximate  Radial-error  Protection 
(ARP)  value  for  a  given  time-space  point  is  computed.  If 
the  computed  ARP  values  exceed  the  ARP  ceiling 
values,  which  vary  with  the  number  of  visible  satellites, 
RAIM  is  declared  unavailable.  The  computational 
assumptions  are  summarised  in  Table  3,  which  also  lists 
the  scenarios  to  be  evaluated.  We  study  the  individual 
WAASs  as  independently  proposed  by  the  three  countries 
(cases  2,3  and  4),  the  independent  country  use  of  all 
visible  GEOs  (case  5),  and  the  proposed  unified  AAAS 
with  improved  GEO  ranging  (case  6).  In  addition,  we 
study  the  scenario  of  unified  (improved)  orbit 
determination,  but  limiting  the  user  ranging  to  the 
countries*  own  GEOs  (cases  2a,  3a  and  4a).  Table  4 
shows  the  Navigation  and  RAIM  detection  availabilities, 
listing  country/region  averages  and  worst  location 
availability.  The  main  findings  are: 

1)  For  all  GEO  augmentations,  NPA  Navigation 
availability  (Containment  within  tunnel  without  integrity 
check)  is  100%  over  the  areas  of  interest.  Unaided  GPS 
availability  is  on  average,  99.8%,  which  falls  short  of  the 
required  navigation  performance  of  99.999  %. 

2)  GPS  Augmentation  through  the  individual  country 
systems  significantly  improves  RAIM  Detection 
Availability  but  fails  by  far  to  meet  the  required  integrity 
performance  levels  for  civil  aviation.  For  all  countries. 
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Table  2  DOP  values  of  GEO  orbital  determinations  from  different  ground  tracking  networks 


80E  105E  IlOE  120E  135E  140E  150E  165E 


3  countries 

NDOP 

1.80 

0.87 

0.60 

0.57 

0.54 

0.52 

0.52 

0.54 

0.62 

14WRS 

EDOP 

5.57 

2.23 

1.13 

1.03 

0.94 

1.07 

1.18 

1.50 

2.38 

stations 

UDOP 

4.51 

2.40 

2.20 

2.17 

2.12 

2.10 

2.11 

2.15 

2.89 

RAIM  availability  values  are  in  the  order  of  60%  for 
unaided  GPS,  improving  to  88-96%  for  the  individual 
augmentation  schemes  of  the  country  WAASs,  and  to 
about  98%,  if  each  individual  country  independently 
utilises  all  available  GEO  satellites. 

3)  The  AAAS  concept,  with  its  utilisation  of  common 
orbit  determination  (section  3.1)  results  in  100%  RAIM 
detection  availability  for  all  countries  involved.  The 
performance  of  the  GEO  augmentation  system  could  thus 
be  significantly  enhanced  by  improving  the  GEOs 
ranging  accuracy.  Note  that  the  level  of  99.999%  RAIM 
availability  might  also  be  achieved  with  3  GEO  satellites 
only,  but  it  assumes  availability  of  24  GPS  satellites  and 
barometric  aiding  [9]. 

4.  SUMMARY  AND  CONCLUSIONS 

Compared  with  the  individual  WAAS  systems  of  China, 
Australia  and  Japan,  the  proposed  AAAS  system 
provides  two  significant  technical  advantages.  Firstly,  by 
utilising  the  monitoring  data  collected  in  both  northern 
and  southern  hemispheres  and  the  resulting  better 
geometry  in  GEO  orbit  determination,  the  accuracy  of 
GEOs  orbit  determination  can  be  signiOcantly  improved. 
The  results  show  a  reduction  of  the  GEO  DOPs  by  an 
average  factor  of  5  or  more.  This  enables  to  reduce  the 
effect  of  GEO's  orbit  enor  in  the  UERE  from  tens  of 


metres  to  a  few  metres.  Secondly,  the  AAAS  system 
allows  ranging  to  more  GEO  satellites  thus  improving 
upon  RAIM-Detection  availability.  A  RAIM  detection 
availability  of  100  percent  can  be  achieved  for  most  of 
the  Areas  of  Interest,  such  as  Australia,  China,  Japan 
and  South-East  Asia.  The  same  level  of  RAIM 
Availability  can  not  be  achieved  by  individual  country¬ 
wide  WAAS  systems  based  on  a  21  GPS  satellite 
configuration. 

The  AAAS  concept  is  analogue  to  the  WAAS  system 
currently  implemented  in  USA.  Only  a  low  level  of 
coordination  is  required  between  the  countries:  They 
must  exchange  observation  data  for  improved  GEO  orbit 
determination  and  integrity  warnings.  This  ensures  a 
large  degree  of  autonomy  for  each  individual  country 
system,  requiring  low  levels  of  coordination. 

The  AAAS  program,  if  implemented,  would  provide 
enhanced  satellite-based  navigation  service  for  most  of 
the  Asian  countries,  Australian  and  the  West-Pacific 
areas.  It  would  create  a  golden  opportunity  for  a  broad 
collaboration  among  the  involved  countries  in  the  areas 
of  space  technology  and  economic  development.  The 
authors  believe  that  all  the  countries  in  these  areas  could 
make  good  contributions  to  the  program  and  would 
greatly  benefit  from  the  AAAS  long  into  the  next 
century. 
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Table  3:  Assumptions  for  the  Availability  Computations 


GPS  constellation 

Optimal  21  satellites  (defined  in  [8]) 

GEO  satellite  Constellations: 

(these  locations  are  assumed  for  availability 
studies  only  ) 

3  over  AAOI:  105  E,  135  E,  165  E; 

2  over  Japan  FIR:  120  E,  140  E 

3  over  China:  80  E,  110  E,  140  E; 

6  over  all  the  areas: 

60  E,  85  E,  110  E,  130  E,  150  E,  1650E 

Mask  elevation  angle 

7.5  degrees 

DOP  algorithms 

all-in-view(  3d  position  +  time  bias) 

Sample  points : 

(The  Locations  of  the  biggest  airports) 

4  in  Japan;  10  in  Australia  (1  in  NZ) 

9  in  China;  9  in  South-East  Asia, 

1  min  step  over  a  24  hr  period 

1  a  GPS  pseudorange  enor  ( Oops)  and 

1  a  GEO  range  error  (  Ogbo) 

c^GPs  “  33.0  m,  Ogeo  ”  33.0 
c^GPS  ”  33.0  m,  Ogeo  “  15.0 

Evaluation  cases: 

Case  1:  21  GPS  SVs  over  all  the  areas 

Case  2 , 2a  :  21  GPS  SVs  +  3  GEOs  over  China  (ogps  /  cTgeo  =  1>  ctgps  /  cJgeo  =  2.2) 

Case  3, 3a  :  21  GPS  SVs  +  2  GEOs  over  Japan  (  Ocps  /  ctgeo  =  1,  ctgps  /  Ogeo  =  2.2) 

Case  4 , 4a:  21  GPS  SVs  +  3  GEOs  over  AAOI  (  ctgps  /  cfgeo  =  1>  cTgps  /  ^geo  =  2.2) 

Case  5:  21  GPS  SVs  +  6  GEOs  over  all  the  areas  (  Ogps  /  cjgeo  =  1 

Case  6:  21  GPS  SVs  +  6  GEOs  over  all  the  areas  (  Oqes  /  c^geo  =  2.2) 

Table  4.  Navigation  and  RAIM  Detection  Availabilities  for  Non-Precision  Approach  Navigation 


Area 

Case 

Navigation  Availability(%) 

RAIM  Detection  Availability(%) 

Average 

Worst 

Average 

Worst 

Japan 

Case  1 

99.688 

99.097 

65.382 

57.986 

Case  3 

100.000 

100.000 

93.090 

88.611 

Case  3a 

100.000 

100.000 

97.205 

94.236 

Case  5 

100.000 

100.000 

99.548 

98.819 

Case  6 

100.000 

100.000 

100.000 

100.000 

China 

100.000 

100.000 

70.154 

60.486 

100.000 

100.000 

97.917 

94.861 

Case  2a 

100.000 

100.000 

99.599 

99.028 

Case  5 

100.000 

100.000 

99.722 

98.472 

Case  6 

100.000 

100.000 

100.00 

100.000 

Australia 

Case  1 

99.772 

98.472 

76.212 

64.931 

Case  4 

100.000 

100.000 

98.782 

96.319 

Case  4a 

100.000 

100.000 

99.861 

99.167 

Case  5 

100.000 

100.000 

99.596 

97.637 

Case  6 

100.000 

100.000 

100.000 

100.000 

South-East 

Case  1 

99.931 

99.375 

88.495 

64.931 

Asia 

Case  5 

100.000 

100.000 

99.923 

99.306 

Case  6 

100.000 

100.000 

100.000 

100.000 
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ABSTRACT 

Wilcox  Electric  has  been  working  since  June  1994  on  a 
contract  from  the  General  Services  Administration  under 
the  technical  cognizance  of  the  FAAs  Satellite  Program 
Office  to  demonstrate  the  feasibility  of  a  local  area  DGPS 
to  provide  Category  III  B  autoland  capability.  Accuracy 
and  integrity  features  supported  by  actual  technical 
demonstrations  are  the  principal  focus  of  the  program 
although  the  contractor  must  also  show  how  the  proposed 
system  design  would  satisfy  continuity  of  service  and 
availability  requirements  if  developed  for  production  and 
operational  use.  Wilcox  has  been  assisted  in  this  effort 
by  Litton  Aero  Products,  NovAtel  Communications  and 
Federal  Express. 

The  focus  in  this  paper  is  on  the  Category  III  B  accuracy 
requirements,  the  system  approach  directed  toward 
meeting  these  requirements,  and  the  flight  test  results 
which  demonstrate  the  actual  in-flight  capability  of  the 
system  to  conduct  Category  III  B  autolands. 

The  basic  system  approach  is  described.  It  utilizes  high 
accuracy  C/A  code  tracking  with  emphasis  on  design 
features  which  enhance  accuracy  and  integrity.  One 
noteworthy  enhancement  is  the  use  of  the  new  MEDLL 
(Multipath  Estimating  Delay  Lock  Loop)  technology  in 
the  ground  station. 

This  is  followed  by  a  description  of  the  flight  test 
program  at  the  FAA  Technical  Center,  Atlantic  City,  NJ, 
including  a  discussion  of  the  ground  station  installation, 
the  avionics  installation  in  the  FEDEX  Boeing  B727  and 
the  data  acquisition  systems. 

Test  results  based  on  in-depth  statistical  analysis 
(provided  by  the  FAA  Technical  Center  and 

MITRE/CAASD)  of  102  successful  autolands  are 
presented. 


INTRODUCTION 

There  is  an  ongoing  multi-faceted  drive  within  the 
aviation  community  to  apply  GPS  technology  in  a  safe 
and  cost  beneficial  manner  to  that  most  critical  phase  of 
flight  -  precision  approach  and  landing  under  instrument 
meteorological  conditions  (IMC).  Participation  in  this 
effort  is  widespread  including  but  not  limited  to  the  FAA 
(Satellite  Program  Office,  SOIT,  Technical  Center), 
ICAO,  RTCA,  MITRE,  various  universities  and 
industrial  organizations. 

A  key  program  in  this  effort  is  the  FAA’s  Category  IIIB 
Differential  GPS  Feasibility  Demonstration  Program  in 
which  Wilcox  Electric  is  a  participant.  Category  IIIB  is 
defined  in  Advisory  Circular  120-28C  as  “a  precision 
instrument  approach  and  landing  with  no  decision  height 
(DH),  or  with  a  DH  below  50  feet  and  controlling  runway 
visual  range  less  than  700  feet  but  not  less  than  150  feet.” 
DGPS  as  defined  for  the  program  can  include  such 
techniques  as  code  corrections  or  carrier  phase  tracking 
on  a  real  time  kinematic  basis  but  is  limited  to  the 
information  provided  by  the  Standard  Positioning  Service 
(SPS).  This  latter  restriction  did  not  preclude  the  use  of 
dual  receiver,  codeless  techniques  but  did  preclude  the 
use  of  information  from  satellite  systems  other  than  GPS 
such  as  GLONASS  or  INMARSAT  or  hybrid  systems 
utilizing  ILS  or  MLS  with  GPS. 

Emphasis  in  the  program  was  placed  on  demonstrating 
the  ability  of  the  contractor’s  system  design  to  provide 
automatic  landing  capability  to  the  specified  accuracy 
and  on  the  performance  of  the  contractor’s  integrity 
monitor.  The  contractor  also  had  to  analyze  the  proposed 
system  design  capability  in  the  areas  of  integrity  risk, 
continuity  of  function  risk  and  availability  if  developed 
for  production  and  operational  use. 

The  demonstrations  included  two  phases:  1.  Flight  tests 
at  a  Government  facility  in  a  contractor  provided 
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transport  type  aircraft  with  autoland  capability.  2. 
Simulator  tests  at  a  Government  simulator  facility.  The 
flight  test  phase  has  been  concluded  and  its  results  are 
the  principal  topic  of  this  paper.  The  simulator 
demonstration  is  just  under  way  at  the  NRAD  facility  at 
Warminster,  PA. 

The  contracting  authority  for  the  program  was  the 
General  Services  Administration  (GSA)  Federal  Systems 
Integration  and  Management  Center  (FEDSIM). 
Technical  oversight  resided  in  the  FAA  Satellite  Program 
Office.  The  Wilcox  team  for  the  program  included  three 
key  team  members  in  addition  to  Wilcox.  These  were 
Litton  Aero  Products,  NovAtel  Communications  and 
Federal  Express. 

Litton’s  responsibilities  included  the  design,  build  and 
test  of  the  avionics  and  the  airborne  data  acquisition  and 
recording  equipment  and  support  throughout  the  system 
integration  and  test. 

NovAtel  provided  the  GPS  engines  for  the  ground  station 
and  the  avionics  plus  support  during  the  design  reviews. 

Federal  Express  provided  and  operated  the  autoland 
equipped  Boeing  B727-200  certified  for  CAT  III  ILS 
autolands.  Their  responsibilities  also  included  the 
integration  and  installation  of  the  avionics  and  the 
airborne  data  acquisition  system  into  the  aircraft. 

Wilcox  Electric  provided  overall  program  management 
as  well  as  system  design  and  analysis;  ground  station 
design,  build  and  test;  data  link  transmitter  and  receiver 
design,  build  and  test;  and  systems  integration  and  test, 
including  ground  tests,  flight  readiness,  flight  trials  and 
simulator  test. 

REQUIREMENTS  FOR  PRECISION  APPROACH 

In  order  to  provide  the  basic  precision  approach  function 
with  the  required  degree  of  hazard-free  operation,  all 
precision  approach  systems  must  satisfy  demanding 
standards  of  accuracy,  integrity,  and  continuity  of 
function.  Taken  together,  these  parameters  define  the 
RNP  (Required  Navigation  Performance)  necessary  to 
execute  precision  approaches  safely.  A  fourth  RNP 
parameter  is  system  availability.  High  availability  of 
service,  while  not  a  direct  safety  consideration,  is 
extremely  desirable  from  an  operations  point  of  view. 
These  are  the  four  key  requirements  that  must  be  satisfied 
by  any  precision  approach  system. 

As  an  initial  step  toward  determining  whether  any  DGPS 
system  architecture  satisfies  these  RNP  requirements,  the 


parameters  themselves  must  first  be  quantified.  Risk 
analysis  based  on  a  target  level  of  safety  (TLS)  combined 
with  a  tunnel  (or  TERPS  surfaces)  concept  are 
methodologies  that  are  useful  in  assigning  quantitative 
values  to  accuracy,  integrity,  and  continuity  of  function 
parameters  for  precision  approach  and  landing.  The  TLS 
for  precision  approach  and  landing  is  generally  agreed  to 
be  no  more  than  one  accident  in  10^  landings. 

Current  accuracy,  integrity  and  continuity  of  function 
requirements  for  Category  III  ILS  also  provide  a  valuable 
baseline  in  quantifying  these  requirements.  In  the  case  of 
availability,  we  start  with  what  we  are  achieving  today 
with  ILS  and  translate  it  to  a  satellite-based  system.  The 
translation  is  not  straightforward.  For  example  an  ILS 
unavailability  normally  impacts  a  single  runway  end 
whereas  DGPS  unavailability  could  involve  an  entire 
airport  or  region  of  airports. 

The  FAA  Category  IIIB  DGPS  Feasibility  Program 
required  that  the  accuracy  and  integrity  monitoring  logic 
of  the  proposed  system  design  be  verified  by  flight  trials 
and  taxi  tests.  Satellite  simulator  tests  will  further 
characterize  these  performance  parameters,  particularly 
the  integrity  monitoring  logic  under  conditions  not 
readily  achieved  during  flight  testing.  The  principal 
quantitative  output  of  the  flight  trials  is  a  measure  of  the 
accuracy  of  the  proposed  DGPS  system  approach  and  its 
capability  to  provide  autolands  to  Category  IIIB 
standards  with  an  actual  in-service  aircraft  and  is  the 
principal  focus  of  this  paper. 

Two  types  of  accuracy  requirements  were  specified  for 
the  Program: 

1)  DGPS  Navigation  Sensor  Error  (NSE). 

2)  Total  System  Error  (TSE). 

The  contractor  was  permitted  to  choose  which  type  of 
requirement  the  system  design  must  satisfy.  If  a 
contractor  elected  the  total  system  error  requirement, 
which  Wilcox  did,  then  its  system  must  also  meet  aircraft 
touchdown  and  roll-out  accuracy  requirements  which  are 
critical  to  Category  IIIB  autolands.  Both  types  of 
accuracy  requirements  are  important  and  both  were 
measured  during  the  program  and  their  performance 
evaluated. 

In  determining  the  navigation  sensor  error  (NSE) 
requirement  the  principal  guidelines  are  the  current  ILS 
specifications  promulgated  in  ICAO  Annex  10  for  error 
components  that  make  up  the  NSE.  These  components 
include  ground  equipment  bias,  airborne  receiver  bias 
and  ground  equipment  course  structure  (beam  bends). 
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The  95%  NSE  is  taken  as  the  root  sum  square  of  the  95% 
value  of  these  three  error  components.  Table  1  lists  these 
values  of  NSE  for  Category  III  ILS  for  the  final  critical 
part  of  the  approach  path.  The  table  also  lists  similar 
NSE  requirements  defined  for  the  FAA  CAT  III 
Feasibility  Program  plus  a  set  of  requirements  contained 
in  the  RTCA  Paper  No  252-95/SC-l 59-652  -FAA  SOIT 


Consensus  on  Requirements  for  the  Local  Area 
Augmentation  System  (LAAS)  ORD,  James  Fernow,  19 
April,  1995.  This  latter  set  of  requirements  was 
employed  in  the  recent  FAA/GSA  LAAS  RFP.  In  this 
case  the  numbers  in  parenthesis  in  Table  1  represent  the 
objective  and  the  nonparenthetical  numbers  are  the 
minimum  acceptable. 


Table  1  -  Requirements  for  Category  III  95%  Navigation  Sensor  Error  (NSE)  -meters 


Lateral  Requirement  (meters) 

Vertical  Requirement  (meters) 

Height 

above 

Threshold 

(feet) 

Distance 

from 

Threshold 

(feet) 

ILS' 
ICAO 
Annex  10 

FAA  CAT 
III 

Feasibility 

Program 

FAA/GSA 

LAAS  RFP 

ILS^ 
ICAO 
Annex  10 

FAA  CAT 

III 

Feasibility 

Program 

FAA/GSA 
LAAS  RFP 

50 

0 

5.3 

4.4 

5.5  (4.4) 

0.6 

1.2 

1.8  (1.3) 

100 

954 

5.8 

4.4 

5.5  (4.4) 

1.3 

1.2 

1.8  (1.3) 

200 

2862 

6.9 

5.1 

5.5  (4.4) 

2.7 

2.4 

1.8  (1.3) 

500 

8586 

16.5 

5.5  (4.4) 

7.0 

6.1 

1.8  (1.3) 

Notes  Assumes  10000  feet  localizer  to  threshold  distance 
Notes  ^  Assumes  3°  glide  path,  50  feet  threshold  crossing  height 


The  data  in  Table  1  indicates  a  much  more  difficult 
requirement  in  the  vertical  axis  than  the  lateral  axis.  The 
disparity  in  the  lateral  and  vertical  linear  accuracy 
requirements  derives  both  from  the  fact  that  ILS  is  an 
angular  system  and  that  the  localizer  and  glide  slope 
guidance  sources  are  separated  by  distances  that  are 
typically  7000  to  10,000  feet.  A  Category  III  ILS  is 
basically  a  0. 1  degree  angular  system.  This  fact  plus  the 
typical  physical  separation  of  the  lateral  and  vertical 
guidance  elements  leads  directly  to  the  current  ,+18  foot 
(+5. 3m)  localizer,  ±2  foot  (+0.6m)  glide  slope 
requirement  at  the  threshold.  The  lateral  requirement 
95%  +18  feet)  is  actually  a  larger  lateral  sensor  error  than 
one  would  like  in  order  to  assure  touching  down  in  the 
desired  touchdown  zone  and  the  ±2  feet  vertical  error  is 
better  than  required.  This  trend  can  be  discerned  in  the 


more  current  DGPS  requirements  set  forth  in  the  Table. 
The  substantially  superior  linear  accuracy  characteristic 
of  DGPS  compared  to  ILS  at  distances  a  half  mile  and 
greater  from  the  threshold  has  the  potential  to  enable  the 
autopilot  to  provide  improved  flight  stability  on  the 
approach  path  and  also  offers  the  potential  for  improving 
the  efficiency  of  air  space  utilization,  obstacle  clearance 
and  noise  abatement. 

For  the  second  accuracy  measusrement  criterion  -  total 
system  error  -  the  requirements  were  based  on  the  tunnel- 
in-space  concept.  Since  this  concept  is  relatively  new  the 
actual  tunnel  dimensions  can  be  expected  to  undergo 
further  refinement  with  time.  The  TSE  requirements  as 
they  were  specified  for  the  Program  are  listed  in  Table  2. 


Table  2  -  Requirements  for  95%  Total  System 
Error  (TSE)  for  FAA  Category  IIIB  DGPS 
_ Feasibility  Program _ _ 


Height  above 

Threshold 

(feet) 

Distance  from 
Threshold 
(feet) 

Requirements 

50 

0 

15.5 

- 

100 

954 

22.9 

4.6 

200 

2,862 

33.5 

9.8 

750 

13,357 

83.8 

27.1 
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The  TSE  methodology  also  requires  that  for  Category  III 
the  equipment  demonstrates  that  the  95th  percentile 
accuracy  of  the  autoland  touchdowns  will  not  exceed  a 
+27  foot  lateral  dispersion  about  runway  centerline  and 
that  the  total  95%  longitudinal  dispersion  is  no  greater 
than  1500  feet. 

It  is  important  to  note  that  the  +18  foot  lateral  NSE 
allowed  at  the  threshold  for  current  Category  III  ILS 
(Refer  to  Table  1)  represents  a  major  part  (67%)  of  the 
+27  foot  TSE  while  the  +2  foot  vertical  displacement 
from  a  3  degree  glide  path  translates  into  a  38  foot 
longitudinal  error,  which  is  less  than  3%  of  the  1500  foot 
longitudinal  TSE  requirement. 

In  addition  Advisory  Circulars  AC  20-57A  and  AC120- 
28C  specify  that  Category  III  systems  must  demonstrate 
by  a  combination  of  flight  test,  simulation  and/or  analysis 
that  the  probability  that  an  aircraft  touchdown  will  be 
outside  a  prescribed  runway  area  is  less  than  10'^. 
Further  the  probability  that  during  roll  out  the  outboard 
landing  gear  comes  within  5  feet  of  the  lateral  limits  of  a 
150  foot  wide  runway  must  be  less  than  10’^. 

SYSTEM  DESIGN  APPROACH 

The  fiindamental  GPS  technique  used  in  the  system  is 
C/A  code  tracking  for  determination  of  pseudorange  and 
range  rate.  This  serves  as  the  underpinning  of  a  basically 
simple,  robust  and  reliable  design.  At  one  point  in  time 
it  was  believed  that  code  tracking  would  not  provide 
sufficient  accuracy  for  automatic  landing  and  that  more 
complex  carrier  phase  tracking  approaches  would  be 
required.  This  was  true  of  what  was  then  conventional 
code  tracking.  However,  code  tracking  with  narrow 
width  correlators  as  exemplified  by  the  NovAtel  GPS 
card  has  already  been  demonstrated  by  Wilcox[l]  to  be  at 
least  two  to  three  times  more  accurate  than  standard 
width  correlators  and  capable  of  meeting  autoland 
accuracy  requirements.  [2]  The  narrow  width  correlation 
technique  greatly  [3]  minimizes  the  effects  of  receiver 
noise  and  multipath  which  are  the  two  major  residual 
GPS  error  sources  when  operating  in  the  local 
differential  mode.  For  the  ground  station  used  in  the 
FAA  feasibility  program  the  multipath  rejection 
capability  of  the  narrow  correlator  has  been  further 
enhanced  by  the  use  of  the  MEDLL  (Multipath 
Estimating  Delay  Lock  Loop)  technology  developed  by 
NovAtel.  [4]  The  MEDLL  separately  estimates  the 
parameters  of  both  the  direct  line-of-sight  and  the 
reflected  signals  and  removes  the  multipath  component  at 
the  signal  level.  A  standard  NovAtel  narrow  correlator 
card  is  used  in  the  avionics. 


For  the  total  system  error  (TSE)  concept  which  includes 
flight  technical  error  (FTE),  an  important  element  of  the 
integrity  monitoring,  of  necessity,  resides  in  the  aircraft. 
This  is  the  implementation  of  a  TSE  warning  whenever 
the  aircraft  is  in  danger  of  penetrating  an  outer  tunnel 
safety  boundary.  The  warning  algorithm  implemented  in 
the  avionics  was 

WARN  if|FTE|  +  Ka  NSE  ^  T 
where:  FTE  =  measured  flight  technical  error 
cf  NSE  =  estimated  standard  deviation  of  the  system 
navigation  sensor  error 
K  =  constant 
T  =  outer  tunnel  limit 

Separate  values  are  computed  for  the  lateral  and  vertical 
errors.  A  large  value  of  K  will  improve  the  probability  of 
missed  detection  but  at  the  expense  of  increasing  the 
false  alarm  rate.  A  value  of  K  =  3  was  implemented  for 
the  demonstration  equipment. 

FLIGHT  EVALUATION  EQUIPMENT 

The  ground  station  used  in  the  demonstration  program 
was  a  single  thread  system  (see  Figure  1),  that  is,  a  single 
reference  unit,  single  data  link  and  single  integrity 
monitor.  For  actual  operational  use  this  configuration 
would  be  expanded  to  include  the  redundancy  necessary 
to  provide  continuity/integrity  performance  required  by 
Category  IIIB  requirements.  The  reference  unit  and  the 
integrity  monitor  each  contained  its  own  MEDLL 
receiver.  Their  GPS  antennas  were  separated  by  300  feet 
in  order  to  place  them  in  environments  with  uncorrelated 
multipath,  were  mounted  on  8  ft  poles  to  be  compatible 
with  eventual  operational  requirements  (clearance  for 
snow,  mowers,  etc.),  and  were  fitted  with  choke  rings  to 
reduce  multipath  effects  not  already  eliminated  by  the 
MEDLL  technology.  Multipath  effects  were  further 
mitigated  through  use  of  long  time  constant  carrier  phase 
smoothing  in  the  receivers. 

The  monitor  unit  looked  at  pseudorange  corrections 
(PRC)  and  range  rate  corrections  computed  by  the 
reference  unit  both  before  and  during  transmission  to  the 
aircraft.  A  software  algorithm  was  used  to  remove  the 
effects  of  any  clock  bias  between  the  two  receivers  so  that 
reference  and  monitor  pseudorange  corrections  could  be 
meaningfully  compared.  Any  of  a  number  of  conditions 
could  cause  the  monitor  to  remove  corrections  from  the 
signal  in  space  for  a  particular  satellite  (e.g.  large  PRC 
differences,  satellite  not  tracked  by  the  monitor).  Using 
the  removal  of  a  satellite’s  corrections,  as  opposed  to 
sending  an  explicit  “don’t  use”  message  is  more  fail-safe. 
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PRC  differences  between  the  reference  and  monitor  units 
were  used  to  compute  a  UDRE  (user  differential  range 
error)  for  each  satellite.  UDREs  were  transmitted  to  the 
aircraft,  along  with  PRC  corrections  and  rate  corrections 
at  5  Hz.  Each  UDRE  was  recomputed  every  200  msec. 

The  ground  station  also  transmitted  approach  pathpoints 
(checked  by  the  monitor)  to  the  aircraft  for  comparison 
with  the  pathpoints  stored  in  the  avionics.  This  is  a  key 
integrity  feature. 

The  data  link  transmitter  operated  in  the  VOR  navigation 
band  and  used  GMSK  modulation.  The  data  link 
antenna  was  horizontally  polarized  and  omnidirectional. 

Figure  2  is  a  high  level  block  diagram  of  the  avionics 
system.  The  principal  unit,  the  GPS  Landing  System 
Unit  (GLSU),  was  a  modified  Litton  LTN-2001  MK2 
which  consisted  of  a  NovAtel  narrow  correlator  GPS 
receiver,  a  processor  and  I/O  to  handle  the  interfaces 
with  the  aircraft  autopilot  and  the  PC  based  airborne  data 
acquisition  system.  The  VHF  data  link  receiver  for 
obtaining  the  ground  station  corrections  was  connected  to 
an  existing  VOR  antenna  on  the  aircraft.  The  GLSU 
processor  converted  DGPS  navigation  sensor  position 
information  into  ILS  Took  alike”  lateral  and  vertical 
deviation  signals  that  drove  the  B727-200  flight  control 
system.  The  deviations  were  actually  transmitted  to  the 
autopilot  at  a  20  Hz  rate.  This  was  accomplished  using 
the  differentially  corrected  GPS  velocities  to  ‘))roject 
ahead”  the  5  Hz  position  data  at  50  msec  intervals.  It  is 
important  to  note  that  the  B727  does  not  utilize  an 
inertial  system  and  the  DGPS  navigation  solution  was 
not  augmented  in  any  way. 

As  previously  indicated  an  important  component  of  the 
integrity  monitoring  scheme  was  implemented  in  the 
avionics.  The  ground  station  UDREs  for  all  satellites 
used  in  the  position  solution  were  averaged,  multiplied  by 
HDOP  or  VDOP,  and  combined  with  an  avionics  position 
uncertainty  obtained  from  the  GLSU  Kalman  filter 
covariance  matrix  to  obtain  an  estimate  of  the  3a  NSE 
vertical  and  lateral  error  bounds.  The  3a  NSE  bounds 
were  then  added  to  the  indicated  flight  technical  error 
(FTE)  to  determine  whether  the  aircraft  was  potentially 
outside  the  total  system  error  (TSE)  outer  integrity 
tunnel.  Excursions  outside  this  tunnel  (vertically  or 
laterally)  would  cause  a  Tunnel  alarm”  indication  to  be 
latched,  warning  that  a  missed  approach  should  be 
executed. 

Although  operational  avionics  would  be  duplicated  or 
triplicated,  the  system  tested  was  single  thread  with 


parallel  outputs  to  the  multiple  flight  control  system 
inputs  normally  provided  by  the  ILS. 

The  FEDEX  B727-200  flight  control  system  is  driven  by 
the  Sperry/Honeywell  SP-150  Automatic  Flight  Control 
System  (AFCS).  This  is  an  analog  system  and  is 
approved  for  fail-passive  autolands.  Category  IIIA,  50  ft 
DH  in  the  B727-200  of  which  FEDEX  has  about  90  such 
aircraft  in  operation.  The  SP-150  is  divided  into  a  yaw 
damper  subsystem  and  an  autopilot  subsystem.  The  yaw 
damper  system  controls  the  rudders  to  dampen  out 
oscillations  about  the  vertical  (yaw)  axis  without 
affecting  normal  aircraft  turns. 

The  autopilot  system  consists  of  two  control  channels. 

A.  The  roll  channel  controls  aileron  position, 
thereby  controlling  roll  attitude  and  heading 
changes. 

B.  The  pitch  control  channels  control  the  aircraft 
about  the  lateral  axis.  The  elevators  are  used  to 
maneuver  the  aircraft  and  the  stabilizer  is  used 
to  trim  the  aircraft  for  a  stable  flight  condition. 
There  are  two  pitch  channels.  Each  can  be 
selected  individually  to  control  one  elevator  with 
the  other  elevator  acting  as  a  slave.  During  an 
autoland  approach  both  pitch  channels  are  used 
to  drive  the  two  elevators  independently  and 
simultaneously. 

The  SP-150  does  not  have  an  autothrottle  subsystem 
thereby  requiring  the  pilot  to  manually  control  the 
throttles  during  autolands.  One  of  the  more  interesting 
aspects  of  the  program  was  to  see  how  DGPS  would  fare 
with  an  older  flight  control  system  in  an  autoland 
environment. 

Ground  truth  during  the  flight  trials  was  primarily 
provided  by  the  FAA  Technical  Center  laser  tracker. 
The  laser  radiation  illuminates  a  retroreflector  mounted 
on  the  bottom  of  the  fuselage  near  the  nose  of  the 
aircraft.  The  reflected  laser  energy  is  tracked  and 
provides  azimuth,  elevation  and  range  to  the 
reteoreflector  with  respect  to  the  laser  tracker  origin. 
Laser  tracker  azimuth  and  elevation  are  reported  to  be 
accurate  to  20  arc  seconds  (la)  and  the  range  accuracy  is 
+1  ft  la  out  to  5  nmi.  The  laser  tracker  was  backed  up 
by  modified  NIKE  -  Hercules  tracking  radar.  Co¬ 
mounted  with  the  tracking  radar  was  a  video  camera 
which  recorded  an  image  of  the  aircraft  landing  gear 
tagged  with  GPS  time  and  was  used  to  determine  the 
actual  time  of  aircraft  touchdown. 
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DESCRIPTION  OF  TESTS 

The  flight  trials  were  conducted  at  the  Atlantic  City,  NJ 
International  Airport  in  conjunction  with  the  FAA 
Technical  Center,  There  are  two  intersecting  runways  at 
the  airport-RW  13/31  and  RW  4/22.  Runway  13  is  the 
preferred  approach  direction  (traffic  and  wind  conditions 
permitting)  because  it  has  the  best  geometry  with  respect 
to  the  laser  tracker  and  because  of  its  length. 

After  completion  of  a  Flight  Readiness  Review  on  Friday, 
April  14,  autoland  flight  tests  began  Monday  morning, 
April  17.  A  total  102  successful  autolands  out  of  106 
approaches  were  achieved  by  Friday  afternoon,  April  21. 
76  of  the  102  autolands  were  made  to  Runway  13,  4  were 
to  Runway  31,  8  to  Runway  04  and  14  to  Runway  22. 
Runway  approach  selection  was  accomplished  through  a 
pilot-operated  RUNWAY  SELECT  switch.  No  other 
actions  were  required  in  the  avionics  or  ground  station  in 
order  to  change  runways. 

Of  the  102  successful  autolands  92  were  touch  and  go 
and  10  of  them  were  continued  through  roll-out. 

All  102  were  routine  autolands  with  no  indication  of  any 
problems. 

Concerning  the  4  unsuccessful  approaches,  3  of  them 
resulted  in  missed  approaches  and  were  caused  by  the 
autopilot  failing  to  capture  in  the  lateral  channel. 
FEDEX  produced  documentation  of  a  history  of 
occasional  localizer  capture  failures  with  this  model 
autopilot  during  ILS  approaches.  Replacing  the  roll 
channel  computer  in  the  autopilot  cleared  the  problem. 
The  fourth  unsuccessful  approach  resulted  when  the 
avionics  equipment  indicated  loss  of  differential 
corrections,  displayed  the  localizer  and  glide  slope  flags, 
illuminated  the  tunnel  warning  light  and  stopped 
recording  data.  This  loss  of  guidance  occurred  near  the 
runway  threshold  and  the  pilot  completed  the  landing 
manually  rather  than  execute  a  missed  approach.  At  the 
time  of  this  anomaly  it  was  thought  the  data  link 
receiver  had  failed.  It  was  replaced  and  all  remaining  26 
autolands  were  completed  successfully.  The  replaced 
data  link  receiver  was  later  tested  and  found  to  be 
operating  normally.  Inspection  of  the  recorded  ground 
station  data  showed  that  it  was  transmitted  normally 
during  this  period.  It  is  now  hypothesized  that  the  failure 
was  due  to  a  glitch  in  the  avionics  single  channel  power 
system. 


The  normal  approach  procedure  was  to  execute  a  30 
degree  intercept  with  the  autopilot  engaged  at  about  7  n 
mi  from  the  runway  threshold  and  an  altitude  of  1800 
feet  and  remain  in  the  autoland  mode  until  touchdown. 
Airborne  data  recording  started  with  the  aircraft  on  the 
approach  path  about  5  nmi  from  the  threshold.  The 
Laser  Tracker  normally  acquired  the  aircraft  6  to  7  miles 
out  on  the  approach.  Ground  station  data  was  recorded 
continuously.  All  data  is  GPS  time  tagged  for  post 
processing  synchronization.  Four  (4)  taxi  tests  were  also 
conducted  in  which  the  aircraft  was  taxied  in  and  out  of 
the  lateral  and  vertical  outer  tunnel  integrity  alarm 
boundaries  in  order  to  check  the  functioning  of  the 
integrity  alarm  logic. 

TEST  RESULTS 

The  raw  data  measured  by  both  the  avionics  and  ground 
station  data  acquisition  systems  for  each  approach  were 
converted  to  the  format  specified  for  the  program,  then 
merged  with  the  ground  truth  data  from  the  laser  tracker. 
This  data  was  then  processed  by  both  the  FAA  Technical 
Center  and  MITRE/CAASD  to  produce  the  final  official 
test  results.  Wilcox  Electric  and  Litton  Aero  Products 
also  processed  parts  of  the  data.  As  would  be  expected 
the  test  results  as  processed  by  the  different  organizations 
are  in  very  close  agreement  with  only  negligible 
differences  in  the  numbers. 

Two  classes  of  statistical  analysis  were  applied 
to  the  test  data. 

1)  Hypothesis  Testing 

2)  Estimation  Statistics. 

The  hypothesis  testing  process  which  is  a  standard 
manufacturing  quality  control  technique  was  used  to 
determine  whether  or  not  the  system  satisfied  the 
requirements  of  a  specific  measure  of  success  (MOS) 
specified  in  the  contract.  For  example,  it  was  specified 
that  for  the  100  approaches  analyzed  for  TSE  the  level  of 
significance  is  5%  and  the  allowed  percentage  of  out  of 
tolerance  errors  was  5%.  Based  on  these  parameters  91 
approaches  must  be  successful  for  the  MOS  to  be 
satisfied.  For  an  approach  to  be  considered  successful  the 
measured  TSE  must  always  be  within  the  inner  tunnel 
over  the  evaluation  region.  All  MOS’s  were  easily 
satisfied  since  there  were  no  out  of  tolerance  conditions 
on  any  one  of  the  102  approaches  analyzed. 

The  estimation  statistics  are  of  much  greater  interest 
since  they  quantitatively  characterize  the  system 
performance  actually  achieved  during  the  flight  test.  A 
number  of  statistical  parameters  were  computed  from  the 
data  ensemble  obtained  from  the  102  approaches,  the 
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most  significant  of  which  is  |n.|+  2a  or  the  sum  of  the 
absolute  value  of  the  mean  plus  twice  the  standard 
deviation.  This  is  considered  to  be  a  conservative 
representation  of  the  95%  error  and  is  employed 
throughout  this  paper  unless  otherwise  noted. 

The  test  results  which  characterize  the  accuracy 
performance  in  terms  of  navigation  sensor  error,  flight 
technical  error  and  total  system  error  are  enumerated 
below: 

Navigation  Sensor  Error  (NSE):  The  Navigation 
Sensor  Error  (NSE)  is  the  difference  between  the  aircraft 
position  as  indicated  by  the  DGPS  system  and  the  ‘true” 
aircraft  position  as  indicated  by  the  laser  tracker.  It 
includes  the  effects  of  errors  in  the  DGPS  ground 
equipment  and  the  DGPS  avionics.  The  indicated  NSE 
also  includes  a  small  error  due  to  imperfections  in  the 
laser  tracker.  The  NSE  is  expressed  in  runway 
coordinates  in  terms  of  along  track  error,  cross  track 
error  and  vertical  error  with  only  the  latter  two  errors 
being  significant  for  the  precision  approach  function. 

Table  3  summarizes  the  NSE  performance  based  on  test 
data  from  102  approaches.  From  200  ft  HAT  to 
touchdown  -  the  final  critical  part  of  the  approach  -  the 
values  of  lateral  NSE  as  computed  by  the  three  different 
organizations  vary  from  0.76  meters  to  0.96  meters.  This 
is  far  better  performance  than  any  current  requirement. 

For  vertical  NSE  from  200  ft  HAT  to  50  ft  HAT  (runway 
threshold)  the  values  of  NSE  vary  from  1.20  meters  to 
1.37  meters.  At  altitudes  lower  than  50  ft  HAT  vertical 
guidance  in  an  autoland  is  provided  by  the  on-board 
radar  altimeters.  These  figures  are  compatible  with  the 
objective  values  delineated  in  the  recent  LAAS  RFP 
(Refer  to  Table  1)  and  well  within  the  listed  threshold 
values. 

The  last  line  of  Table  3  represents  the  95%  error 
statistics  for  an  ensemble  of  data  taken  every  0.1  nmi 
from  threshold  out  to  2  nmi  from  threshold  for  all 
approaches  (about  2,000  data  points).  These  statistics 
are  slightly  larger  than  the  values  shown  for  the  specific 
near-in  HAT  in  the  Table.  This  is  not  unexpected  since 
the  laser  tracker  is  less  accurate  for  points  further  out  on 
the  approach  path.  Figure  3  is  a  plot  of  the  vertical  NSE 
trajectories  and  estimation  statistics  along  the  trajectories 
for  the  100  autolands.  As  can  be  seen  from  the  data  for 
the  majority  of  the  time  the  vertical  NSE  is  less  than  1 
meter. 


The  values  reported  in  Table  3  are  unfiltered  NSE. 
Another  method  for  characterizing  navigation  sensor 
performance  is  in  terms  of  path  following  error  (PFE) 
and  control  motion  noise  ((^MN).  The  PFE  is  a  low 
frequency  component  of  the  NSE  which  will  cause  the 
aircraft  to  deviate  from  the  desired  path.  The  CMN  is  a 
higher  frequency  component  which  will  not  cause  any 
aircraft  deviation  but  can  cause  disturbing  control  surface 
motions,  attitude  oscillations  and  control  column  motion 
in  an  autopilot  driven  aircraft.  The  PFE  and  CMN 
values  are  obtained  by  passing  the  unfiltered  NSE  for  an 
approach  through  PFE  and  CMN  filters  the  parameters  of 
which  have  been  defined  by  ICAO  for  MLS  and  which 
represent  typical  transport  aircraft  response 
characteristics.  Both  MITRE  and  Wilcox  independently 
performed  the  necessary  data  processing  and  got  the 
same  results  which  can  be  summarized  as  follows; 

1)  There  is  little  or  no  difference  between  the 
95%  values  of  the  unfiltered  NSE  and  the  PFE.  This  has 
been  a  consistent  result  with  previous  Wilcox  tests. 

2)  CMN  performance  was  excellent  and  well 
within  current  MLS  specifications  (Refer  to  Figures  4 
and  5).  This  has  also  been  a  consistent  result  with 
previous  Wilcox  tests  and  is  a  positive  factor  for  pilot 
acceptance. 

Flight  Technical  Error  (FTE):  Flight  Technical  Error 
which  is  the  difference  between  the  aircraft  position  as 
defined  by  the  DGPS  navigation  equipment  and  the 
aircraft  position  defined  by  the  desired  flight  path  is  a 
measure  of  how  well  the  aircraft  flight  control  system  can 
respond  to  its  guidance  inputs.  Table  4  tabulates  both 
mean  and  the  95%  statistics  for  the  FTE  as  measured  for 
the  102  autolands  executed  by  the  B727-200.  The  Table 
shows  a  significant  bias  for  the  lateral  FTE.  It  is  noted 
that  there  were  persistent  -  approaching  10  knots  at  times 
-  cross  winds  present  throughout  the  flight  test. 

As  a  point  of  comparison  in  the  recent  autoland  flight 
tests  with  the  UPS  Boeing  757  aircraft  [5]  the  lateral  FTE 
over  the  final  4  mni  was  less  than  13  m  (95%)  for  43 
approaches  and  at  threshold  was  2.4  m  (95%)  with  a 
mean  of  0.0m.  For  the  same  43  approaches  the  vertical 
FTE  was  1.6  m  (95%)  over  the  final  4  nmi  and  1.6  m 
(95%)  at  threshold.  In  the  case  of  autoland  tests  with  the 
NASA  Langley  Boeing  737-100  aircraft  [2]  which  has 
been  modified  for  flight  research  the  measured  FTE  at 
150  ft.  HAT  was  2.2  m  (95%)  lateral  and  2.3  m  (95%) 
vertical.  The  improvement  in  these  latter  two  cases  over 
the  B727-200  can  be  attributed  to  the  more  advanced 
digital  autopilots  installed  in  these  aircraft. 


721 


TABLE  3  -  95%  Navigation  Sensor  Error 
102  Autolands 

FAA/WILCOX  CAT  IIIB  Demonstration 


Lateral  NSE  (Meters) 

Vertical  NSE  (Meters) 

Height 

Above 

Threshold 

(feet) 

FAA 

Tech  Center 
Data  Analysis 

MITRE 
CAASD 
Data  Analysis 

Wilcox 
Electric* 
Data  Analysis 

FAA  Tech 
Center 

Data  Analysis 

MITRE 
CAASD 
Data  Analysis 

Wilcox 
Electric* 
Data  Analysis 

0 

.96 

50 

.90 

.86 

1.30 

1.25 

100 

.87 

.74 

1.37 

1.35 

200 

.86 

.86 

.76 

1.27 

1.31 

1.20 

700  to  50 

.99 

.90 

1.41 

1.35 

*92  Autolands 


TABLE  4  -  95%  Flight  Technical  Error 
102  Autolands 

FAAAVILCOX  CAT  IIIB  Demonstration 


Lateral  FTE  (Meters) 

Vertical  FTE  (Meters) 

Height 

above  Threshold 
(feet) 

Distance 

from 

Threshold 

(feet) 

Mean  (p) 

■ 

Mean  (p) 

■ 

50 

0 

-2.43 

6.43 

0.36 

3.16 

100 

954 

-2.43 

6.56 

0.38 

3.19 

200 

2862 

-2.81 

9.18 

-0.16 

2.75 

700  to  50 

12,403  to  0 

-2.84 

13.73 

0.19 

3.28 

Total  System  Error  (TSE):  The  TSE  which  is  the 
displacement  of  the  true  aircraft  position  from  the  desired 
aircraft  position  is  the  final  answer  as  to  the  accuracy  of 
the  overall  precision  approach  system.  It  includes  all  the 
effects  of  errors  in  both  the  navigation  system 
performance  (including  ground  and  airborne  equipment) 
and  in  the  performance  of  the  aircraft  flight  control 
system  be  it  automatic  or  manual.  The  TSE  is  expressed 
in  terms  of  the  instantaneous  lateral  and  vertical 
displacements  of  the  actual  position  of  the  aircraft  from 
the  desired  flight  path. 

Table  5  indicates  the  95%  values  of  TSE.  In  all  cases  the 
TSE  requirements  were  met  with  margin.  The  test 
results  clearly  demonstrate  that  with  the  current  high 
precision  NSE  provided  by  the  Wilcox  DGPS  system  the 
total  system  error  is  completely  dominated  by  the  B727- 
200  flight  technical  error  (Refer  to  Figure  6).  Any 
further  improvements  in  NSE  would  have  no  impact  on 
TSE.  Figure  7  shows  the  touchdown  dispersions  for  93 
autolands  as  plotted  by  the  FAA  Tech.  Center.  93  are 


plotted  instead  of  102  because  the  ground  truth  system 
could  not  track  the  aircraft  beyond  the  threshold  on  one 
of  the  runways.  As  can  be  seen  all  93  autolands  were 
well  within  the  95%  touchdown  zone  specified  in  AC20- 
57A.  The  lateral  dispersion  (|  |li  |+  2a)  was  5.71  meters 
(18.7  ft).  The  2a  longitudinal  dispersion  was  113.2 
meters  (371.4  ft).  In  no  case  was  the  outboard  landing 
gear  anywhere  near  5  feet  from  the  runway  edge.  This 
performance  certainly  equals  and  is  probably  better  than 
would  be  obtained  with  ILS  inputs  to  the  B727  flight 
control  system. 
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TABLE  5  -  95%  Total  System  Error 
102  Autolands 


Lateral  TSE  -  (Meters) 

r  Vertical  TSE  -  (Meters) 

Height 

above 

Threshold 

(feet) 

FAA 

Tech.  Center 
Data  Analyses 

MITRE 

CAASD 

Data  Analysis 

FAA  CAT  III 
Program 
Requirement 
See  Table  2 

FAA  Tech. 
Center 

Data  Analysis 

MITRE 

CAASD 

Data  Analysis 

FAA  CAT  III 
Program 
Requirement 
See  Table  2 

0 

5.71 

5.51 

8.23 

- 

_ 

50 

6.41 

6.20 

15.50 

3.73 

3.25 

100 

6.41 

6.71 

22.90 

3.89 

3.27 

4.6 

200 

9.16 

9.80 

33.50 

3.29 

3.13 

9.8 

As  previously  indicated  taxi  tests  were  conducted  to  test 
the  integrity  monitor  TSE  alarm  logic.  In  all  cases  the 
alarm  activated  shortly  before  the  outer  tunnel  TSE  alarm 
boundary  was  penetrated  by  the  taxiing  aircraft  and 
returned  to  normal  when  the  aircraft  was  taxied  back 
inside  the  tunnel.  This  was  the  expected  result.  The 
integrity  test  data  is  still  being  analyzed  for  quantitative 
performance  in  the  areas  of  time  to  alarm  and  the 
precision  of  the  NSE  estimated  by  the  system  compared 
with  the  true  NSE.  The  results  of  this  analysis  together 
with  the  results  from  the  simulator  test  program  will  be 
reported  in  the  future. 

CONCLUSIONS 

•  The  additional  multipath  rejection  capability 
provided  by  the  MEDLL  technology  resulted  in  a 
significant  improvement  in  DGPS  accuracy. 

•  The  95%  navigation  sensor  error  of  ±0.9  meters 
lateral  and  +1.3  meters  vertical  continues  a  trend  of 
improving  accuracy  attainable  with  C/A  code 
tracking  DGPS  and  is  the  best  performance  achieved 
to  date. 

•  The  tests  demonstrated  that  code  tracking  local  area 
DGPS  can  provide  Category  III  autoland  capability 
to  older  in-service  aircraft  equipped  with  less  than 
state  of  the  art  flight  control  systems. 
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Figure  2:  DGPS  Airborne  Station,  Block  Diagram 
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Figures  4,5:  Lateral  and  Vertical  CMN  Trajectories  and  Estimation 

Statistics 
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ABSTRACT 

Test  results  are  presented  from  a  feasibility  determination 
of  Differential  Global  Positioning  System  (DGPS) 
Category  (CAT)  Illb  precision  approach  and  landings.  A 
code-based  DGPS  architecture  with  integrity  monitoring 
was  used.  In  addition,  the  feasibility  of  a  combined 
DGPS/Instrument  Landing  System  (ILS)  architecture  was 
evaluated. 

A  total  of  50  approaches  were  flown:  thirty-two 
approaches  used  DGPS  for  both  lateral  and  vertical 
guidance,  14  used  DGPS  for  lateral  and  ILS  for  vertical 
guidance,  and  4  approaches  used  ILS  only.  A  United 
Parcel  Service  Boeing  757  was  the  test  aircraft  for  all 
flight  tests. 

The  results  of  the  tests  show  that  code-based  DGPS  as 
well  as  combined  DGPS/ILS,  when  used  as  the  input  to 
an  autopilot,  can  attain  vertical  and  lateral  accuracies 
consistent  with  Required  Navigation  Performance  for 
CATIIIb. 

INTRODUCTION 

The  Federal  Aviation  Administration  (FAA)  Satellite 
Program  Office,  has  a  research  program  in  place  to 
determine  the  feasibility  of  augmenting  the  Global 
Positioning  System  (GPS)  for  aircraft  Category  Illb 
precision  approach  and  landing  operations.  Candidate 
differential  GPS  (DGPS)  architectures  are  evaluated  in 
accordance  with  the  FAA  Category  Illb  Feasibility  Flight 
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Test  Plans  [1-3], 

Under  this  FAA  program,  Ohio  University  has  developed 
a  code-based  DGPS  navigation/landingsystem  which  was 
tested  during  two  flight  test  periods  at  the  FAA  Technical 
Center  in  Atlantic  City,  NJ.  The  first  flight  test  period 
occurred  in  October  1994,  during  which  a  total  of  50 
automatic  DGPS  landings  were  performed  [4],  The 
second  series  of  flight  tests  were  conducted  from  17 
through  20  February  1995.  The  latter  flight  tests  included 
DGPS,  Instrument  Landing  System  (ILS),  as  well  as 
combined  DGPS/ILS  landings.  Furthermore,  the  DGPS 
system  was  upgraded  with  an  integrity  monitor  station. 

This  paper  provides  a  brief  overview  of  the  code-phase 
DGPS  architecture,  followed  by  a  detailed  description  of 
the  integrity  monitoring  function.  Aircraft  integration  and 
test  procedures  are  briefly  addressed  and  flight  test  results 
are  summarized  for  both  series  of  automatic  landing 
experiments.  Detailed  information  on  the  flight  tests  can 
be  found  in  references  [4]  and  [5]. 

SYSTEM  ARCHITECTURE 

Figure  1  is  a  block  diagram  of  the  ground  and  airborne 
elements  which  comprise  the  DGPS  system. 

On  the  ground,  a  single-frequency  (LI  at  1575.42  MHz) 
GPS  antenna  with  an  integrated  low-noise  amplifier 
(LNA)  provides  the  GPS  signal  to  a  10-channeI,  narrow- 
correlator  GPS  receiver.  The  antenna  is  sited  at  a 
presurveyed  location.  Raw  measurement  data  from  the 
receiver  are  provided  to  the  reference-station  processor  at 
a  rate  of  once  per  second.  The  processor  then  formats 
two  data  link  messages:  the  first  contains  only  raw  data 
(code  and  carrier)  while  the  second  consists  of  derived 
Selective  Availability  (SA)  range-rate  corrections.  The 
two  ground  messages  are  handed-off  to  a  2400  bps 
modem/transmitter  operating  in  the  Instrument  Landing 
System  (ILS)  glideslope  band.  Each  message  is  broadcast 
at  a  rate  of  once  per  second. 

In  addition,  a  second  identical  receiver  and  a  GPS  single¬ 
satellite  simulator  are  incorporated  for  integrity  purposes. 
A  detailed  discussion  of  this  aspect  of  the  ground  system 
is  presented  in  the  next  section.  Not  shown  is  a  dual¬ 
frequency  GPS  receiver  used  to  provide  post-processed 
kinematic  reference  data. 

Aboard  the  B-757  aircraft,  a  dual-frequency  antenna 
provides  GPS  signals  to  two  airborne  receivers.  As  in  the 
ground  system,  one  of  the  units  is  a  10-channel,  narrow- 
correlator,  single-frequency  (LI)  GPS  receiver.  The 
other  (not  shown)  is  a  dual-frequency  GPS  receiver, 
operating  as  an  independent  source  to  provide  post- 


processed  aircraft  kinematic  reference  data.  Information 
from  the  data-link  receiver/modem  and  the  single¬ 
frequency  GPS  receiver  are  combined  in  the  airborne 
processor.  Data-link  messages  arrive  once  every  second, 
while  GPS  measurement  data  is  taken  from  the  airborne 
receiver  at  a  rate  of  four  times  per  second.  Data  rates  of 
up  to  10  times  per  second  can  be  accommodated  if 
required.  Ephemeris  data,  as  it  becomes  available,  is  also 
taken  from  the  airborne  GPS  receiver.  Differentially- 
corrected  GPS  aircraft  position  and  velocity  data  are  then 
calculated  and  converted  to  ILS  deviations  and  deviation 
rates.  The  ILS  deviation  data,  presented  in  terms  of  the 
difference  of  depth  of  modulation  or  ddm,  are  then  sent  to 
the  I/O  processor  which  provides  ILS  look-a-like  signals 
through  an  ARINC-429  interface  to  the  autoland  system. 
This  guidance  data  has  a  very  low  noise  level  since  it  is 
derived  from  differentially-corrected  GPS  velocity.  The 
DGPS  velocity  is  of  low  noise  level  (below  0.01  m/s 
rms),  since  it  is  calculated  from  successive  receiver 
integrated-Doppler  measurements.  Reference  [4]  presents 
further  details  about  the  B-757  autoland  system  and 
DGPS-aircraft  integration. 

Additional  flexibility  was  incorporated  into  the  airborne 
system  to  provide  three  distinct  operating  modes  for  the 
autoland  system.  In  Mode  1 ,  DGPS  derived  localizer  and 
glideslope  information  was  provided  to  the  ARINC-429 
interface  unit.  In  Mode  2,  DGPS  derived  localizer 
information  along  with  the  glideslope  output  from  the  B- 
757  right-channel  ILS  receiver  was  fed  to  the  interface. 
For  Mode  3,  the  source  of  both  localizer  and  glideslope 
signals  was  the  right-channel  ILS  receiver. 

INTEGRITY  DESIGN 

A  novel  DGPS  integrity  architecture  was  used  during  the 
flight  tests.  The  system  uses  integrated  Doppler 
frequency  shift  measurements  (also  referred  to  as  carrier 
phase  measurements)  in  addition  to  code  phase 
measurements  to  achieve  a  high  level  of  availability  of  the 
DGPS  integrity  function.  It  is  noted,  however,  that  the 
system  does  not  try  to  resolve  the  integer  carrier-cycle 
ambiguities. 

Another  key  element  of  the  design  is  the  use  of  a 
single-channel  GPS  simulator,  which  eliminates  the  need 
for  a  common  clock  between  the  reference  and  the 
monitor  GPS  receivers.  Some  of  the  integrity  principles 
used  in  this  design  were  previously  documented  in 
reference  [6]. 

The  integrity  philosophy  that  resulted  in  this  design  is 
based  on  the  following: 

1)  Minimize  the  complexity  of  the  integrity  logic 

(small  fault  tree,  few  ”what  ifs,"  and  avoid 
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misinterpretation  of  the  requirements); 

2)  Allocate  the  integrity  requirements  clearly  to 
ground  and  airborne  components  for 
interoperability; 

3)  Robust  behavior  under  anomalous  conditions 
(including  anticipated  and  unanticipated 
phenomena,  such  as  monitor  clock  malfunctions, 
high  ionospheric  phase  rates,  and  hardware 
failures); 

4)  Design  for  the  use  of  hardware  redundancy. 
Robust  Carrier-Phase  Smoothing 

Instantaneous  DGPS  code-phase  noise  is  too  large  to  meet 
CAT  III  accuracy  and  integrity  requirements.  Therefore, 
all  code-based  DGPS  architectures  use  some  level  of 
carrier  smoothing  of  the  code  phase  to  reduce  the  level  of 
noise.  Usually,  the  smoothing  period  is  on  the  order  of 
a  few  seconds  up  to  several  minutes.  Carrier-phase 
smoothing  (CPS)  can  be  very  effective,  as  long  as  no 
undetected  cycle  slips  are  incurred  and  the  ionospheric 
divergence  between  code  and  carrier  phase  is  accounted 
for.  The  proposed  system  architecture  uses  CPS  over 
several  minutes  to  increase  the  DGPS  accuracy,  which  in 
turn  also  increases  the  availability  of  the  integrity 
monitoring  function. 

Cycle  slips  are  detected  and  corrected  by  evaluating  the 
difference  between  two  successive  phase  differences 
which  are  corrected  for  receiver  clock  offset  [6].  The 
smoothing  itself,  however,  is  performed  in  the  aircraft 
position  solution  after  the  ground  station  data  has  been 
incorporated  into  the  airborne  processing.  The  aircraft 
calculates  both  an  unsmoothed  differential  code-phase 
solution  as  well  as  a  differential  delta-carrier-phase 
update.  The  delta-carrier-phase  update  is  corrected  for 
SA  range-rate  as  determined  by  the  reference  station. 
The  corrected  delta-carrier-phase  update  is  used  to  bring 
the  previous  position  estimate  to  the  current  time  with 
centimeter  accuracy.  In  addition,  integrity  monitoring 
(RAIM)  is  performed  on  this  update  to  detect 
measurement  inconsistencies.  Next,  the  unsmoothed 
differential  code-phase  solution  is  used  to  update  the 
position  estimate.  The  gain  on  this  update  is  fairly  small, 
such  that  the  position  estimate  is  strongly  smoothed  (the 
time  constant  is  on  the  order  of  100  seconds).  This 
technique  mitigates  ionospheric  divergence  errors,  because 
the  smoothing  occurs  after  the  differential  corrections 
have  been  applied.  Furthermore,  by  bringing  the  position 
solution  forward  in  time  with  the  delta-carrier-phase 
updates,  discontinuities  in  the  position  solution  do  not 
occur  when  satellites  are  switched  in  and  out  of  the 
solution. 


Ground  Integrity  Monitor 

Figure  2  shows  the  block  diagram  of  the  ground  station. 
The  ground  station  is  configured  around  two  GPS 
antennas,  two  GPS  receivers,  a  single-channel  GPS 
satellite  simulator,  and  a  ground  processor.  The  two  GPS 
antennas  are  separated  such  that  the  multipath  errors 
between  the  two  antennas  are  decorrelated.  The 
remainder  of  the  equipment  is  co-located.  A  single¬ 
channel  GPS  satellite  simulator  is  used  as  a  calibration 
input  into  both  GPS  receivers. 

Single  differences  (SD)  are  calculated  for  each  of  the 
satellites  in  view  and  for  the  satellite  simulated  by  the 
GPS  simulator.  Since  the  separation  distance  between  the 
two  GPS  antennas  is  small,  the  errors  that  are  dominant 
in  the  SDs  are: 

1)  Clock  offset  between  the  two  GPS  receivers; 

2)  Multipath  and  receiver  noise  differences 
between  the  two  GPS  receivers. 

Next,  a  double  difference  (DD)  test  statistic  is  calculated 
for  each  of  the  GPS  satellites  in  view  by  differencing  their 
SDs  against  the  SD  derived  from  the  simulated  satellite, 
corrected  for  the  known  DD  geometry. 

In  summary,  the  SD  equations  are  given  by: 

SD^  = 

SD*  = 

where:  superscript  i  denotes  GPS  satellites;  superscript  s 
denotes  the  simulated  GPS  satellite;  b  is  the  baseline 
vector  connecting  the  two  antennas;  e  are  the  unit  vectors 
to  the  satellites;  A  is  the  clock  offset  between  the 
reference  and  monitor  GPS  receivers;  represents  the 
multipath  and  receiver  noise  differences  between  the 
reference  and  monitor  GPS  receivers.  After  differencing 
the  SDs  with  respect  to  the  simulated  SD,  the  DD 
equation  is  given  by: 

DD^  + 

The  resulting  test  statistic  is 

“  ^R-M  "  ®"r-m 

Because  the  satellite  simulator  does  not  have  any  errors 
except  for  noise,  the  second  term  of  the  test  statistic  is 
small.  Therefore,  the  test  statistic  can  be  used  to  detect 
differences  between  the  two  GPS  receivers  for  each  GPS 
satellite  separately. 

Figure  3  shows  a  plot  of  the  unsmoothed  DD  residuals  for 
an  actual  data  collection  session.  The  residuals  are  shown 
for  a  period  of  time  of  approximately  one  hour,  during 
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which  the  satellite  elevation  angle  changes  from  61  to  33 
degrees.  The  standard  deviation  of  the  residuals  is  0.24 
m. 

Key  to  the  overall  system  integrity  design  is  the 
combination  of  two  fault  detection  techniques: 

1)  Detection  of  slowly  changing  anomalies  is 
performed  on  the  ground  by  examining  the  DD 
residuals.  Because  of  the  aircraft  smoothing 
technique,  the  time  to  alarm  for  slowly  changing 
anomalies  does  not  need  to  satisfy  the  desired  1 
second  time-to-alarm  for  CAT  III  operations. 
The  reason  is  that  the  error  will  not  be  able  to 
have  a  rapid  effect  on  the  position  solution. 

2)  Detection  of  rapid  changing  anomalies  is 
performed  both  on  the  ground  using  thresholds 
on  the  unsmoothed  DD  residuals;  and  in  the 
aircraft  using  fault  detection  techniques  on  a 
redundant  velocity  update. 

Detection  of  slowly  changing  anomalies 

The  reference/monitor  DD  residuals  for  each  satellite  are 
averaged  over  100  uncorrelated  updates  (50  seconds  of 
data  at  an  update  rate  of  two  per  second).  The  noise 
component  of  the  averaged  residuals  is  thus  reduced  from 
0.24  m  to  0.24/10  =  0.024  m.  To  allow  for  a  slowly 
changing  residual  bias  of  0.3  m  (to  account  for 
temperature  changes  and  multipath)  and  to  achieve  a  false 
detection  rate  of  less  than  10*^  (5.2  standard  deviations), 
the  detection  threshold  is  set  at 

Tp  =  0.3  +  5.2(0.024)  =  0.42  m 

Next,  the  minimum  detectable  bias  is  calculated  from  the 
desired  probability  of  missed  detection  of  lO"’: 

Pm  =  Tjj  +  oy5erfc"*(2xl0"^  or 

Pm  =  0.42  +  0.024(5.9)  =  0.56  m 

In  other  words,  the  probability  of  a  missed  detection  for 
a  bias  error  of  greater  than  0.56  m  is  less  than  10'^.  The 
reference  station  removes  a  satellite  from  the  uplink  if  the 
detection  threshold  is  exceeded.  Upon  detection,  the 
satellite  will  remain  excluded  for  at  least  50  seconds. 

The  worst  case  failure  for  the  above  processing  technique 
would  be  a  step  error  which  is  exactly  the  value  of  the 
minimum  detectable  bias.  Because  of  the  airborne 
smoothing  time  constant  of  100  seconds,  this  bias  will 
only  reach  50%  of  its  maximum  impact  on  the  position 
solution  before  it  is  detected  by  the  reference  station. 
Therefore,  the  airborne  position  solution  would  calculate 
its  protection  limits  using  only  halve  the  minimum 


detectable  bias.  The  impact  of  each  potential  satellite 
malfunction  on  the  position  solution  is  calculated  and  the 
worst  case  malfunctions  determine  the  horizontal  and 
vertical  protection  limits:  HPL  and  VPL,  respectively. 
The  above  technique  has  good  availability,  because 
potential  satellite  malfunctions  are  detected  before  the 
ranging  error  exceeds  0.28  m.  This  allows  for  the 
protection  of  vertical  and  horizontal  position  errors  that 
are  consistent  with  CAT  III  operations. 

Detection  of  rapid  changing  anomalies 

Rapid  changing  anomalies  are  detected  using  the 
unsmoothed  DD  residuals  which  have  a  standard  deviation 
of  0.24  m.  The  detection  threshold  is  set  at 
Tjj  =  0.3  +  5.2(0.24)  =  1.55  m 

The  minimum  detectable  bias  for  a  missed  detection 
probability  of  10^’  is  given  by 

Pm  =  1.55  +  0.24(5.9)  =  2.97  m 

This  type  of  detection  is  included  to  avoid  large  sudden 
errors  which  can  easily  be  detected  and  removed  from  the 
position  solution.  Furthermore,  it  provides  a  reduced 
level  of  integrity  for  users  who  have  not  yet  smoothed 
their  position  solution  for  100  seconds. 

The  second  rapid  detection  method  is  performed  by  the 
aircraft  integrity  processing.  It  consists  of  a  standard 
RAIM-type  technique  operated  on  the  delta-carrier-phase 
updates  [6,  8].  For  a  typical  delta-carrier-phase  noise  of 
0.5  cm,  this  provides  a  VPL  of  better  than  0.15  m  with 
high  availability. 

GROUND  TRACKING 

Figure  4  shows  the  locations  of  the  GPS  ground  station 
and  truth  sources  with  respect  to  the  runways  at  the 
Atlantic  City  International  Airport  (ACY). 

Truth  data  was  collected  via  the  FAA’s  laser  tracker  and 
a  separate  DGPS-based  Time  Space  Position  Information 
(TSPI)  system.  The  laser  tracker  azimuth  and  elevation 
measurements  were  accurate  to  within  20  arc  seconds,  1 
sigma.  The  range  measurements  were  accurate  to  within 
one  foot  (for  measurements  out  to  5.0  nmi).  This 
translates  into  approximately  a  30-cm  vertical  accuracy 
( I p I  +2a  or  95 %)  at  the  runway  13  threshold.  The  laser 
tracker  uses  a  six-inch-diameter  retroreflector,  mounted 
on  the  B-757  nose  landing  gear,  to  track  the  aircraft.  A 
laser  calibration  check  of  a  known  target  was  performed 
prior  to  each  run.  The  TSPI  is  comprised  of  two  Ashtech 
Z-12  GPS  receivers.  One  of  the  receivers  was  located  at 
a  surveyed  location  and  the  other  receiver  was  located  in 
the  aircraft.  The  TSPI  accuracy  was  approximately  0. 1 
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m.  The  laser  tracker  provided  the  primary  truth  source 
while  the  TSPI  system  served  as  a  source  for  quality 
control. 

In  addition  to  the  laser  tracker  and  the  TSPI  system,  the 
FAA  technical  Center’s  NIKE  tracking  radar/video 
camera  system  was  used  to  collect  data  for  precise 
touchdown  determination.  A  GPS  derived  time  tag  is 
associated  with  the  collected  video  information.  This  data 
yields  the  precise  time  of  touchdown  and  the 
corresponding  laser  derived  position  of  the  aircraft  is  then 
determined  for  each  approach.  This  information  also 
supplements  the  weight-on-wheels  data  collected  on  the 
aircraft  and  additionally  allows  the  lateral  and  longitudinal 
touchdown  dispersion  for  each  approach  to  be  determined. 

TEST  PROCEDURE 

A  total  of  50  approaches  were  flown:  45  were  touch-and- 
go  approaches  with  the  remaining  flve  consisting  of 
touchdown  and  rollout  to  a  full  stop.  Modes  1,  2  and  3 
were  exercised  to  varying  degrees  (see  Flight  Test 
Results).  The  approaches  were  flown  to  Runway  13  at 
the  ACY  on  February  18th  and  19th,  1995.  Runway  13 
was  selected  due  to  its  10,000  ft  length  and,  more 
importantly,  the  presence  of  a  conunissioned  ILS  required 
for  Modes  2  and  3  operations. 

Each  approach  began  at  the  Initial  Approach  Fix  (lAF) 
located  a  distance  of  5.0  nmi  on  runway  heading  from 
threshold.  The  pilot  initiated  capture  of  the  3®-glideslope 
at  the  lAF  and  data  collection  commenced  at  the  Final 
Approach  Fix  (FAF).  The  FAF  was  a  distance  of 
3.25  nmi  on  runway  heading  from  threshold.  This  flight 
profile  was  flown  for  all  50  of  the  system  accuracy  flights 
and  for  in-flight  integrity  tests  which  occurred  on 
February  20th. 

The  latter  consisted  of  three  approaches  where  satellite 
pseudorange  errors  were  deliberately  introduced  into  the 
DGPS  system.  During  each  approach,  a  pseudorange 
error  of  0. 1  m/s  was  introduced  at  the  ground  station  into 
one  of  the  GPS  satellites  being  actively  used  for  the 
aircraft  position  solution.  During  these  tests,  the 
detection  thresholds  were  enlarged  to  allow  for  a 
significant  error  build-up  during  the  approach.  Timing 
was  such  that  the  induced  pseudorange  error  exceeded  the 
integrity  limit  of  2.0  m  just  as  the  aircraft  reached  the 
runway  threshold.  To  accomplish  this,  the  introduction  of 
the  error  occurred  as  the  aircraft  passed  the  FAF  at  about 
3.0  nmi  distance  from  threshold.  Upon  exceeding  the  2.0 
m  pseudorange  integrity  limit,  the  transmission  of  data 
from  the  ground  system  concerning  the  offending  satellite 
ceased  forcing  the  airborne  system  to  remove  the  satellite 
from  the  all-in-view  solution  computed  onboard  the 


aircraft.  During  these  tests,  the  aircraft  was  tracked  by 
both  the  TSPI  and  the  laser  tracker.  Prior  to  the  in-flight 
integrity  tests,  the  concept  was  subjected  to  stationary 
tests  with  the  ground  system  and  the  aircraft  located  on 
the  FAA  Technical  Center  ramp. 

DATA  ANALYSIS 

The  data  analysis  was  performed  as  set  forth  in  the  FAA 
Category  Illb  Feasibility  Study  Level  2  and  Level  3  flight 
test  plans  [2,  3].  These  test  plans  are  based  on  Required 
Navigation  Performance  (RNP)  requirements  [7]. 

Based  on  the  laser  tracker  position,  navigation  sensor 
error  (NSE)  and  total  system  error  (TSE)  were  calculated 
in  terms  of  vertical  and  lateral  (cross-track)  performance. 
NSE  is  the  difference  between  the  aircraft  position  as 
computed  by  DGPS  and  that  measured  by  the  laser 
tracker.  TSE  is  the  difference  between  the  tracked- 
aircraft  position  and  the  desired  (3-degree  nominal) 
approach  path.  TSE  includes  all  components  of  error 
which  are  predominantly  FTE  and  NSE.  Path  following 
error  (PFE)  and  control  motion  noise  (CMN)  analyses 
were  not  performed  since  the  system  was  evaluated  on  a 
total  system  performance  basis. 

The  system  integrity  testing  consisted  of  two  phases: 
ramp  tests  followed  by  in-flight  testing.  For  the  former, 
of  interest  was  the  system  reaction  to  a  physically  induced 
pseudorange  error  in  a  given  satellite  and  detection  of 
excessive  satellite  multipath.  The  ramp  tests  were 
qualitative  in  nature  intended  more  to  demonstrate  the 
system’s  integrity  logic.  The  in-flight  testing  was  based 
not  only  on  the  ability  of  the  system  to  remove  an  out-of- 
tolerance  satellite  from  the  solution;  but,  the  time  to  alarm 
as  well,  i.e.  the  time  elapsed  between  detection  of  the  out- 
of-tolerance  satellite  and  the  removal  of  the  satellite  from 
the  solution. 

FLIGHT  TEST  RESULTS 

In  Table  1  are  given  flight  test  results  from  both  the 
October  ’94  flight  test  and  the  February  ’95  flight  test. 
During  the  October  ’94  flight  test,  a  total  of  50 
approaches  were  flown  using  DGPS  guidance.  During  the 
February  ’95  flight  test,  a  total  of  50  approaches  were 
also  flown;  but,  there  were  three  different  configurations: 

1)  32  Mode  1  approaches  were  flown  with  DGPS 
as  the  only  source  of  guidance; 

2)  14  Mode  2  approaches  were  flown  with  DGPS 
providing  lateral  guidance  and  ILS  providing 
vertical  guidance;  and, 

3)  4  Mode  3  approaches  were  flown  with  ILS  as 
the  sole  source  of  guidance. 

Table  1  represents  only  the  Mode  1  (DGPS)  approaches. 
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touchdowns. 


In  contrast,  the  navigation  sensor  error  (NSE)  from  the 
October  *94  flight  test  is  somewhat  larger  than  that  from 
the  February  *95  test  data  for  two  reasons: 

1)  the  lack  of  precise  aircraft  attitude  data,  which 
is  used  to  compute  a  lever  arm  correction 
between  the  aircraft  retroreflector  (used  for  laser 
tracking)  and  the  guidance  point  on  the  aircraft; 
and, 

2)  the  configuration  of  the  October  *94  system 
did  not  employ  all  of  the  signal  processing 
techniques,  in  particular  the  carrier-phase-based 
velocity  determination,  which  was  implemented 
for  the  February  *95  flight  test. 

The  vertical  TSE  for  the  February  *95  flight  test  was 
1.9  m,  (|/i|+2(r).  This  result  demonstrates  the 
exceptional  performance  of  the  autopilot  when  coupled  to 
the  OU  DGPS  system.  Vertical  FTE  is  seen  to  be  1.2  m 
and  vertical  NSE  is  1.1  m.  The  root-sum-square  of 
vertical  FTE  and  NSE  equals  1.6  m.  This  serves  as  a 
check  to  validate  the  vertical  TSE  which,  by  definition,  is 
the  difference  between  the  desired  path  in  space  and  the 
laser  tracker  position. 

Figure  5  is  a  composite  plot  of  28  approaches  flown  in 
the  Mode  1  (DGPS)  configuration  (four  approaches  were 
not  available  for  detailed  analysis  due  to  a  data  recording 
error).  The  95  percent,  Required  Navigation  Performance 
(RNP)  tunnel  requirements  are  overlaid  onto  this  figure. 
All  of  the  approaches  easily  fall  within  the  RNP  tunnel, 
which  is  ±  15  ft  at  the  point  marked  ”50’  HAT".  The 
overall  performance  is  smooth  and  consistent  with  the 
exception  of  one  approach  which  was  marred  by  a  late 
capture  of  the  glidepath.  The  mean  and  standard 
deviation  shown  on  the  figure  result  from  statistics 
calculated  on  all  data  points  from  700  ft  height  above 
threshold  (HAT)  to  50  ft  HAT. 

Figure  6  demonstrates  the  excellent  total  system  lateral 
performance.  It  can  be  seen  that  all  approaches  are  well 
within  the  RNP  tunnel  requirements. 

Figure  7  shows  the  vertical  TSE  when  the  ILS  was 
providing  the  vertical  guidance  to  the  autopilot  (and 
DGPS  was  providing  the  lateral  guidance).  The 
performance,  although  the  ILS  at  Atlantic  City  is  only 
certified  to  Category  I,  demonstrated  comparable  total 
system  performance  to  that  of  the  completely  coupled 
DGPS  system.  Note  the  scalloping  due  to  a  beam  bend 
in  the  ILS  signal. 

All  touchdowns  for  both  flight  test  periods  occurred 
within  the  95%  touchdown  zone  (an  area  1500  ft  long  by 
54  ft  wide).  Furthermore,  there  was  no  discemable 
difference  between  the  statistics  of  the  DGPS  and  the  ILS 


CONCLUSIONS 

The  results  of  the  flight  tests  show  that  code-based  DGPS 
as  well  as  combined  DGPS/ILS,  when  used  as  the  input 
to  an  autopilot,  can  attain  vertical  and  lateral  accuracies 
consistent  with  Required  Navigation  Performance  for 
CAT  Illb.  The  vertical  Total  System  Error  (TSE)  at  50 
ft  height  above  threshold  (HAT)  was  1.9  m  (|/i|  +2a), 
while  the  vertical  Navigation  Sensor  Error  (NSE)  was  1.1 
m(|/i|+2(r). 

Integrity  monitoring  was  implemented  at  both  the  ground 
reference  station  and  the  aircraft.  Initial  integrity  tests 
support  the  feasibility  of  providing  integrity  for  DGPS- 
based  CAT  Illb  operations. 
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Table  1.  Summary  of  DGPS  Flight  Test  Results  at  50  feet  Height  Above  Threshold  (HAT) 


UPS  B-757 

OU  Oct.  ’94  Flight  Test 

OU  Feb.  ’95  Flight  Test 

|/t|  +2(r 

Vertical 

Lateral 

Vertical 

Lateral 

NSE 

1.9 

1.7 

1.1 

1.4 

FTE 

1.4 

2.4 

1.2 

2.5 

TSE 

2.3 

3.1 

1.9 

3.7 
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Figure  1.  Ohio  University  DGPS  System  Block  Diagram 
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Figure  2.  Ohio  University  Ground  Station  Block  Diagram 


Residual  in  meters 


Figure  3.  Ground  Integrity-Monitor  Residuals 
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Figure  4.  Ohio  University  DGPS  Ground  Test  Setup  Locations 


Figure  5.  Vertical  Total  System  Error  for  All  DGPS  Approaches  (m) 


Figure  6.  Lateral  Total  System  Error  for  All  DGPS  Approaches  (m) 
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Figure  7.  Vertical  Total  System  Error  for  All  ILS  Approaches  (m) 
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ILS  Like  Deviations  to  Aircraft  Fit  Dir  &  Indicators 
Provides  Data  Recording _ 
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Flight  Test  Profile  -  Crows  Landing 
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E-SYSTEMS  FLIGHT  TEST 
9  APPROACHES  WITH 
ATTITUDE 


Appncation  of  INS/GPS  Systems  htegration  to  kicpoass 
Performance  of  Automatic  Landing  Systems 

Dr.-Ing.  Jochen  Meyer-Hilberg  and  Dr.  rer.  nat.  Harald  Harder 
Daimler-Benz  Aerospace  AG,  Navigation  and  Flight  Guidance  Systems 
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Abstract 

Ever  since  Global  Positioning  System  (GPS)  be¬ 
came  operational,  it  has  been  used  in  numerous  ap¬ 
plications.  A  field  of  very  interesting  application  is 
the  use  of  GPS  in  the  area  of  air  traffic  control. 
Enroute  navigation,  automatic  take-off  and  land¬ 
ing,  taxi  guidance  and  collision  avoidance  are  some 
tasks  that  can  be  aided  by  using  GPS.  The  highest 
challenge  is  the  use  of  GPS  for  automatic  landing 
systems  because  of  the  stringent  requirements.  Ac¬ 
curacy  requirements  can  be  met  using  GPS  in  dif¬ 
ferential  mode  (DGPS).  However,  it  is  hard  to  meet 
the  requirements  for  availability,  continuity  of  func¬ 
tion  and  integrity  with  DGPS  alone.  This  problem 
can  be  solved  by  integrating  GPS  with  an  Inertial 
Navigation  System  (INS). 

In  this  paper,  the  Integrated  Navigation  Sz  Land¬ 
ing  System  (INLS)  developed  by  Daimler-Benz 
Aerospace  (Dasa/Ulm,  Germany)  is  discussed:*  the 

*  This  project  has  been  partly  sponsored  by  the 
German  Space  Agency  (DARA).  The  responsi¬ 
bility  for  the  content  of  this  publication  lies  with 
the  authors. 


emphasis  is  to  show  how  an  INS  can  help  to  increase 
availability,  continuity  of  function  and  integrity.  Af¬ 
ter  explanation  of  INLS  system  concept,  flight  test 
results  are  presented.  The  behaviour  of  the  INLS, 
especially  during  phases  of  flight  with  satellite  mask- 
ings  and  satellite  outages,  is  illustrated  using  real 
flight  test  data. 

After  discussion  of  some  exemplary  flight  tests,  fi¬ 
nal  results  of  flight  test  series  with  a  total  num¬ 
ber  of  approaches  in  the  order  of  150  are  presented. 
These  flight  tests  were  performed  in  1993  and  1994, 
feeding  INLS  output  data  directly  to  an  autopilot 
and  using  a  laser  tracker  as  an  absolute  reference 
of  aircraft  position.  Our  results  show  that  system 
integration  of  INS  and  GPS  leads  to  an  operational 
landing  system  that  satisfies  accuracy,  availability, 
continuity  of  function  and  (in  principle)  integrity 
requirements.  Compared  with  conventional  Instru¬ 
ment  Landing  Systems  (ILS),  INS/GPS  landing  sys¬ 
tems  are  less  expensive  and  need  less  ground  equip¬ 
ment. 

1  Introduction 

Conventional  systems  used  in  air  traffic  control  are 
old-fashioned  and  have  reached  their  capacity  lim¬ 
its  long  ago.  The  main  problem  of  such  systems  like 
radar  or  Instrument  Landing  System  (ILS)  is  to  de¬ 
termine  positions  and  velocities  of  aircraft.  Modern 
technology  can  be  used  (see  Fig.  1)  to  fix  positions 
and  velocities  on  board  of  the  aircraft  (with  satel¬ 
lite  navigation,  e.  g.  GPS),  to  transmit  these  data 
to  central  air  traffic  control  stations  (e.  g.  with  VHF 
data  link  or  satellite  communication)  and  to  check 
aircraft  data  if  there  are  any  conflict  situations  be¬ 
tween  aircraft  (e.g.  with  expert  systems)  [1]. 

To  use  GPS  for  automatic  landing  systems,  its  ac¬ 
curacy  must  be  improved  e.  g.  with  differential  tech¬ 
niques  (DGPS).  Accuracies  in  the  order  of  one  meter 
can  be  achieved  using  DGPS  with  carrier  smoothed 
code  [2],  but  system  safety  cannot  be  guaranteed 
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Fig.  1:  Application  of  GPS  in  the  Area  of  Air  Traffic  Control. 


due  to  possible  undetected  satellite  errors.  Using  a 
second,  independent  navigation  system  with  com¬ 
plementary  characteristics  (Inertial  Navigation  Sys¬ 
tem,  INS  [3,4]),  availability,  continuity  of  function 
and  integrity  of  the  total  navigation  system  can 
be  increased.  Therefore  Daimler-Benz  Aerospace 
(Dasa/Ulm,  Germany)  has  developed  an  Integrated 
Navigation  &  Landing  System  (INLS)  which  con¬ 
sists  of  a  DGPS/low-cost  INS  combination  and  soft¬ 
ware  completely  written  in  Ada.  Ada  is  the  ade¬ 
quate  language  for  safety  critical  applications  due 
to  its  strict  type  checking  and  readability. 

2  System  Concept  of  the  INLS 

The  main  advantage  of  GPS  is  its  excellent  long¬ 
term  position  accuracy,  the  main  disadvantages  are 
its  poor  short-term  accuracy  (e.  g.  due  to  noise  and 
multipath)  and  possible  loss  of  position  data  due  to 
satellite  maskings.  An  INS  is  a  good  counterpart  of 
GPS  because  of  its  good  short-term  accuracy  and 
the  absence  of  position  drop-outs.  However,  long¬ 
term  accuracy  of  INS  is  bad  due  to  accumulating 
sensor  errors. 

Dasa’s  system  concept  of  the  integrated  system  can 
be  described  as  a  complementary  filter:  GPS  posi¬ 
tions  are  low-pass  filtered  to  gain  the  good  long-term 
accuracy  and  to  suppress  short-term  position  er¬ 
rors.  INS  positions  are  high-pass  filtered  to  elim¬ 
inate  the  long-term  position  drift  and  to  obtain  the 
good  short-term  accuracy. 


In  Fig.  2,  system  concept  of  the  INLS  is  shown  in 
principle.  Aircraft  motion  is  measured  by  DGPS 
and  by  inertial  sensors  (low-cost  sensors).  Inertial 
measurements  including  sensor  errors  are  acceler¬ 
ations  a  -h  Aa  and  angular  rates  (l  +  AO.  These 
data  are  processed  in  a  navigation  computation  al¬ 
gorithm  resulting  in  the  INS  position  X-f  AX.  The 
difference  between  INS  and  DGPS  positions  (i.  e. 
the  difference  of  INS  position  error  AX  and  DGPS 
position  error  <5X)  is  fed  into  a  Kalman  filter.  The 
Kalman  filter  estimates  main  errors  of  th^INS,  e.g. 
acceleration  sensor  offset  gyro  drift  An  and  po¬ 
sition  error  AX.  These  estimates  are  used  to  cali¬ 
brate  the  INS  continuously  in-flight.  During  phases 
of  flight  with  satellite  maskings,  the  INS  within  the 
INLS  is  operating  alone.  Due  to  continuous  calibra¬ 
tion,  performance  of  the  low-cost  sensors  has  been 
improved  to  laser  gyro  quality  provided  that  maxi¬ 
mum  duration  of  maskings  is  in  the  range  of  several 
minutes  [4]. 

The  INLS  has  been  tested  during  numerous  flight 
tests.  The  results  of  these  tests  will  be  presented 
in  the  following  sections.  On  the  basis  of  an  exem¬ 
plary  flight  test,  the  quality  of  INS  calibration  is 
demonstrated  in  section  3.  Using  artificial  satellite 
maskings  with  a  duration  of  60  seconds  each,  the 
INS  drift  is  estimated.  Continuity  of  function  is  en¬ 
sured  in  spite  of  complete  DGPS  position  drop-outs. 

During  another  approach,  satellite  constellation 
changed  40  s  before  touch  down  leading  to  an  DGPS 
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Fig.  2:  System  Concept  of  the  INLS. 


altitude  error  of  some  meters.  Using  an  INS,  this 
DGPS  error  can  be  detected  and  eliminated.  How¬ 
ever,  only  short-term  DGPS  errors  can  be  corrected, 
it  is  not  possible  to  identify  offset-type  errors  with 
an  INS.  It  is  illustrated  in  section  4  how  an  INS  can 
help  to  increase  integrity  and  availability. 

Section  5  contains  summarized  results  of  Dasa’s 
flight  test  series  with  the  INLS  in  1993  and  1994. 

3  Performance  of  the  INS  within 
the  INLS 

Data  of  a  flight  test  on  5.  October  1994  (mission  2) 
are  used  to  demonstrate  the  calibration  quality  of 
the  INS  within  the  INLS.  During  this  flight  test, 
seven  approaches  are  flown  with  INLS  coupled  to 
an  autopilot.  In  Fig.  3,  the  flight  track  is  shown.  It 
is  considerable  how  accurate  the  aircraft  follows  its 
glidepath  for  the  last  150  meters  of  altitude  before 
touch  down! 

To  check  INS  quality,  artificial  GPS  maskings  which 
lead  to  total  loss  of  DGPS  position  data  are  used. 
Each  time  period  of  GPS  masking  has  a  duration 
of  60  seconds  and  its  end  exactly  coincides  with  the 
moment  of  touch  down.  Therefore,  no  DGPS  po¬ 
sitions  are  available  during  the  last  4  km  of  these 
approaches  and  INS  is  operating  alone. 

Fig.  4  shows  the  errors  of  INS  positions.  A  laser 
tracker  is  used  as  an  absolute  position  reference  and 
Path  Following  Errors  (PFE)  are  calculated  accord¬ 
ing  to  ICAO  Annex  10  [5].  Position  error  AX  at 
the  end  of  a  satellite  masking  period  with  a  dura¬ 
tion  Atmask  can  be  estimated  [4]: 

AA(Atinaak)  ^  2  *  "  ^^mask* 


Acceleration  sensor  offset  Ad  can  be  divided 
into  horizontal  and  vertical  components  Auhor 
and  Aovert-  Horizontal  errors  are  larger  than  ver¬ 
tical  because  misalignment  £hor  of  the  vertical  axis 
leads  to  a  faulty  compensation  of  gravity  g  which 
couples  in  as  a  horizontal  acceleration  error: 

lAohorl  =  9  •  sinjehorl- 

With  values  of  Fig.  4,  maximum  misalign¬ 
ment  |ehor|  of  the  vertical  is  estimated  to  a  value 
in  the  order  of  some  hundredth  of  a  degree! 

Average  position  drift  AX  of  the  INS  can  be  calcu¬ 
lated  [4]: 

AA(Atmask)  «  ^  •  Ad  -  Atmask- 

With- the  values  above,  mean  horizontal  and  ver¬ 
tical  drifts  lAAhorl  and  |  A  Avert]  can  be  estimated 
to  some  centimeters  per  second.  These  values  are 
comparable  to  typical  drift  rates  of  laser  gyro  INS. 
Satellite  maskings  in  the  range  of  minutes  can  be 
bridged,  continuity  of  function  of  the  INLS  is  guar¬ 
anteed.  Moreover,  the  Kalman  filter  estimates  posi¬ 
tion  accuracies,  therefore  accuracy  degradations  due 
to  satellite  maskings  are  known  and  can  be  moni¬ 
tored. 

4  Behaviour  of  the  INLS  after  GPS 
Errors 

In  Fig.  5,  aircraft  positions  of  a  test  flight  on  11.  Oc¬ 
tober  1994  (mission  2,  4‘''  approach)  are  shown 
versus  time.  During  this  approach,  satelUte  con¬ 
stellation  changed  leading  to  a  bad  VDOP  and  to 
large  DGPS  altitude  errors.  At  time  t  =  233 100  s, 
a  satelUte  that  was  needed  for  good  vertical  ac¬ 
curacy  disappeared.  Low-dynamic  flight  condition 
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Fig.  3;  Flight  Track  of  Test  Flight  on  5.  October  1994,  Mission  2  (Latitude  versus  Longitude 
and  Altitude  versus  Longitude). 


Fig.  4:  Typical  Path  Following  Errors  (PFE)  versus  Distance  x_LT  to  Touch  Down  Zone 
(TDZ)  with  X  =  In- Track,  y  =  Cross- Track  and  z  =  Vertical  Direction. 

The  Last  60  Seconds  before  Touch  Down  (4  km  >  x_LT  >  0  km),  GPS  is  Masked 
and  INLS  is  Operating  with  INS  Alone. 


Fig.  5:  Aircraft  Positions  (Latitude,  Longitude  and  Altitude)  versus  Time  (Test  Flight  on 
11.  October  1994,  Mission  2,  Approach  4). 


hcis  been  reached  at  this  time  (look  at  positions  in 
Fig.  5).  The  aircraft  flew  at  an  altitude  of  about 
120  meters  above  Touch  Down  Zone  and  40  seconds 
are  left  to  touch  down. 

The  following  figures  illustrate  the  typical  behaviour 
of  the  INS  within  the  INLS  after  sudden  degrada¬ 
tions  of  GPS  position  accuracy.  Due  to  the  low- 
pass  characteristic  of  the  DGPS  branch  in  Fig.  2, 
short-term  DGPS  position  errors  are  eliminated.  In 
Fig.  6,  “internal”  position  errors,  i.  e.  differences  of 
INLS  and  DGPS  positions,  are  plotted  versus  time. 
These  differences  are  input  values  of  the  Kalman  fil¬ 
ter  (see  Fig.  2)  and  no  external  references  (e.  g.  laser 
tracker)  are  needed.  Discontinuities  of  the  curves 
in  Fig.  6  are  DGPS  position  errors  due  to  satel¬ 
lite  constellation  changes,  while  INLS  position  er¬ 
rors  rise  slowly.  For  time  t  <  233  000  s,  changes  are 
caused  by  satellite  maskings  due  to  large  roll  angles. 
At  time  t  ~  233  100  s,  DGPS  altitude  error  jumps 
about  some  meters! 

Fig.  6  shows  a  mixture  of  DGPS  and  INLS  errors. 
To  separate  DGPS  and  INLS  errors,  a  laser  tracker 
is  used  providing  a  position  reference.  Path  Follow¬ 
ing  Errors  (PFE)  have  been  calculated  according  to 
ICAO  Annex  10  [5].  In  Fig.  7,  Path  Following  Er¬ 
rors  of  DGPS  and  INLS  are  plotted  versus  height 
above  Touch  Down  Zone  (TDZ).  At  a  height  of 
120  meters,  DGPS  altitude  error  jumps  from  zero  to 
some  meters  (see  Fig.  6  also!).  DGPS  Path  Follow¬ 
ing  Errors  are  basicly  low-pass  filtered  DGPS  posi¬ 


tion  errors.  That  is  the  reason  why  Fig.  7  shows  an 
exponentially  increasing  function  without  any  dis¬ 
continuities  (see  upper  curve  in  lower  plot). 

The  integrated  navigation  system  is  able  to  elimi¬ 
nate  short-term  DGPS  errors,  but  it  cannot  com¬ 
pensate  long-term  errors  (offset  errors).  This  be¬ 
haviour  can  be  seen  in  Fig.  7:  INLS  vertical  Path 
Following  Error  (lower  curve  in  lower  plot)  does  not 
show  a  jump  at  a  height  of  120  meters  above  TDZ, 
but  gets  closer  to  DGPS  PFE  gradually.  At  the  mo¬ 
ment  of  touch  down,  INLS  PFE  nearly  equals  DGPS 
PFE. 

Cross-track  and  vertical  PFEs  shown  in  Fig.  7 
as  separate  components  are  visualized  in  a  com¬ 
mon  picture  in  Fig.  8  using  autostereogram  tech¬ 
nique  [6].  Cross-track  PFE-y  is  plotted  in  vertical 
direction,  height  z_LT  above  TDZ  in  horizontal  di¬ 
rection  and  vertical  PFE-z  in  the  direction  perpen¬ 
dicular  to  paper  plane.  Background  is  plane  with 
PFE-Z  =  0.  See  reference  [6]  on  how  to  view  this 
picture.  The  lower  curve  corresponds  to  DGPS  PFE 
which  does  not  meet  CAT  III  accuracy.  DGPS  ac¬ 
curacy  during  this  approach  is  suitable  only  for  a 
CAT  I  landing.  On  the  other  hand,  INLS  Path  Fol¬ 
lowing  Error  meets  CAT  III  accuracy  requirements! 

With  an  integrated  navigation  system,  integrity  and 
availability  can  be  increased  in  comparison  to  GPS 
alone.  Short-term  GPS  errors  can  be  detected  and 
lack  of  availability  due  to  bad  satellite  geometry  can 
be  compensated.  For  a  maximum  duration  of  about 
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Fig.  6:  Typical  “Internal”  Position  Errors  (INLS  DGPS)  versus  Time  (Test  Flight  on 
11.  October  1994,  Mission  2,  Approach  4).  The  Discontinuity  of  Altitude  Error  at 
Time  =  233 100  s  is  Due  to  a  Constellation  Change  of  CPS  Satellites. 


Fig.  7:  Typical  Path  Following  Errors  (PFE)  of  DCPS  and  INLS  versus  Height  z_LT  above 
Touch  Down  Zone  (TDZ)  with  y  =  Cross- Track  and  z  =  Vertical  Direction  (Test 
Flight  on  11.  October  1994,  Mission  2,  Approach  4). 
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PFEj  0  100  Z.LT  [m]  200 


Fig.  8:  Autostereogram  (3- Dimensional  Picture)  of  Path  Following  Errors  (PFE)  from  Fig.  7 
(Lower  Curve:  DGPS,  Upper  Curve:  INLS). 

Vertical  Direction:  Cross-Track  PFE_y  (Same  Scale  as  in  Fig.  7), 

Horizontal  Direction:  Height  z_LT  above  TDZ  (Same  Scale  as  in  Fig.  7), 

Depth:  Vertical  PFE_z  (Background  is  Plane  with  PFE_z  =  0). 


30  seconds,  CAT  III  requirements  can  be  met  even 
if  there  are  GPS  accuracy  degradations! 

5  Final  Results  of  INLS  Flight  Tests 

Several  flight  test  series  have  been  performed  in  1993 
and  1994  in  Braunschweig,  Germany,  A  total  num¬ 
ber  of  149  landings  was  flown,  most  of  them  with 
autopilot  driven  by  INLS  output  data.  A  laser 
tracker  was  used  as  an  independent  position  refer¬ 
ence.  The  summarized  results  of  these  flight  tests 
are  shown  in  Table  1.  Table  entries  show  how 
many  approaches  met  CAT  I/II/IIIb  accuracy  re¬ 
quirements  [7]  having  good  or  bad  satellite  geome¬ 
try  (GDOP  <  4  or  GDOP  >  4).  Due  to  the  sharp 
vertical  accuracy  requirements  of  ±1.2  m,  a  total 
of  30  approaches  (20  %)  did  not  meet  CAT  Illb  re¬ 
quirements  (automatic  landing).  Most  of  these  fail¬ 
ures  are  due  to  exceptional  flight  conditions  before 
or  during  these  approaches.  8  failures  are  due  to 
bad  satellite  constellations  and  22  failures  are  due 
to  GPS  receiver  errors  (NovAtel  receiver).  However, 


all  149  approaches  met  CAT  Illb  horizontal  accu¬ 
racy  requirements  and  maximum  altitude  error  is 
about  2.88  meters  (GDOP  =  4)1  Our  results  corre¬ 
spond  to  results  of  other  examinations  [8,9,10]. 

6  Summary 

GPS  can  be  used  for  automatic  landing  systems. 
Accuracy  requirements  can  be  met  quiet  easily  us¬ 
ing  differential  GPS.  Meeting  availability,  continu¬ 
ity  of  function  and  integrity  requirements  is  possible 
with  INS/GPS  system  integration.  Results  of  flight 
tests  showed  that  Dasa’s  integrated  navigation  sys¬ 
tem  INLS  is  a  precision  navigation  system  without 
the  disadvantages  of  GPS  (position  drop-outs)  and 
INS  (drift).  CAT  Illb  automatic  landing  require¬ 
ments  can  be  met  even  if  GPS  fails  for  a  duration 
not  exceeding  30  seconds.  The  INLS  estimates  posi¬ 
tion  accuracies  to  maintain  accuracy  monitoring.  In 
case  of  accuracy  degradations,  warnings  are  issued 
to  the  pilot. 
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GDOP  <  4 

GDOP  >  4 

s 

Number  of  Flights 

129 

20 

149 

Accuracy  within  CAT  I 

128  OK 

1  Fail 

19  OK 

1  Fail 

147  OK 

2  Fail 

Accuracy  within  CAT  II 

108  OK 

21  Fail 

13  OK 

7  Fail 

121  OK 

28  Fail 

Accuracy  within  CAT  Illb 

107  OK 

22  Fail 

12  OK 

8  Fail 

119  OK 

30  Fail 

Table  1:  Summary  of  INLS  Flight  Tests  in  1993  and  1994.  The  Large  Number  of  Failures 
is  Due  to  Exceptional  Flight  Conditions  (High  Accelerations!). 
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ABSTRACT 

Since  October  95,  Airbus  Industrie  has  been 
performing  Differential  GPS  approaches  and 
landings  on  A340  test  aircraft  on  Toulouse  and 
other  airports.  The  main  goal  was  to  prove  DGPS 
Cat  1  accuracy  feasibility  on  a  big  airplane  such 
as  A340  and,  if  possible.  Cat  2. 

The  DGPS  airborne  equipment  is  linked  to  the 
auto-pilot  and  to  the  displays,  in  order  to  provide 
'*ILS-like"  information  to  the  auto-pilot  and  to  the 


crew. 

The  objectives  of  this  experiment  are  of  different 
types  : 

.  test  the  chosen  airborne  architectme, 
and  especially  the  flight  management 
system  interface  and  the  auto-pilot 
interface  with  DGPS. 

.  test  different  vendor  equipment  (Litton 
and  Sextant)  and  evaluate  accuracy, 

.  test  interoperability  between  the 
different  ground  and  airborne 
equipment, 

.  evaluate  the  environmental  contribution 
on  airborne  and  ground  stations. 

180  approaches  have  been  performed  with  Sextant 
and  Litton,  using  a  SCATI  Wilcox/Thomson 
ground  sation  equipment.  They  show  very  good 
results,  and  at  least  Cat  1  and  Cat  2  accuracy. 

First  approach  was  good  enough  to  be  autoland 
and  rollout. 

These  approaches  have  been  performed  on 
different  airports  in  France  (Montpellier  and 
Toulouse),  in  China  (Beijing,  Shanghai  and 
Canton),  in  South  Africa  (Mmabatho)  and  in 
Mauritius  (Plaisance). 

Results  show  that  there  is  : 

.  better  than  2  meters  lateral  and  3 
meters  vertical  accuracy, 

.  simplicity  and  ease  of  installation  of  the 
ground  station 

,  importance  of  the  ground  station 
antenna  location  to  avoid  multipath  and 
masking  of  the  satellites, 

.  importance  of  ground  station  int^rity 
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and  availability. 

.  excellent  results  to  "envisage"  Cat  3 
autoland  with  improvement  of  Ground 
Station  Integrity,  Availability  and 
Monitoring. 

This  experiment  is  part  of  a  more  global  project 
which  is  to  certify  DGPS  initially  for  Category  1 
landing  minima  by  mid  1997. 

Next  steps  of  this  program  will  be  to  confirm  the 
aircraft  architecture,  to  check  the  availability  and 
the  int^rity  of  the  system  by  simulation,  to  study 
and  define  the  Human  Machine  Interface,  and  last 
but  not  least  to  go  through  the  certification 
process  itself.  This  phase  will  be  the  most  critical 
one,  as  the  standards  are  still  being  written  and  as 
the  ground  station  and  airborne  receiver  vnll 
probably  in  a  first  approach  have  to  be  certified 
all  together. 


1.  INTRODUCTION 


Until  now,  many  Differential  GPS  experiments  have 
been  performed  on  different  types  of  aircraft,  but 
Airbus  and  Aerospatiale  considered  that  it  was 
necessary  to  perform  their  own  DGPS  trial  in  order 
to  test  the  ability  of  Airbus  aircraft  to  interface  with 
this  new  system. 

The  main  objectives  were  : 

1  -  to  demonstrate,  for  the  first  time  in  the  world, 

that  it  was  feasible  to  land  a  civil  widebody 
aircraft  using  a  differential  GPS  techmque,  with 
auto-flight  systems  as  designed  today. 

2  -  to  verify  that  DGPS  performances  were 

compatible  with  Category  1,  and,  if  possible, 
with  Category  2  (low  visibility  landing 
requirements). 

3  -  to  test  the  interoperability  between  different 

ground  stations  and  airborne  receivers. 

As  a  consequence,  it  was  necessary  to  observe  the 
aircraft  systems  behaviour  and  to  study  some 
technical  aspects  :  architecture,  data  link,  data  to 
upload,  trajectory  calculation,  update  rate,  interface, 
displays,  tunnel  concept,  mask  angle,  time  to  alarm 

This  experimentation  was  launched  at  the  end  of 
1993  with  the  support  of  French  Civial  Aviation 


Authority  (STNA  :  Service  Technique  de  la 
Navigation  Adrienne)  for  the  use  of  the  ground 
station,  and  of  two  avionic  manufacturers  :  Sextant 
and  Litton. 


2.  ARCHITECTURE 

2.1  Ground  based  equipment 

In  order  to  test  the  interoperability  of  the  system  , 
two  types  of  ground  station  have  been  used  during 
Airbus  experiment. 

A  fixed  one  was  provided  by  the  STNA  and  was 
built  by  Thomson/Wilcox. 

A  second  one  was  an  experimental  portable  station 
provided  by  Sextant. 

2.1.1  STNA  Ground  station 

This  station  is  a  ThomsonAVilcox  GLS  2000 
equipment  designed  according  to  the  SCAT  I  MASPS 
dated  1994.  It  is  located  in  a  shelter  close  to  the 
overrun  area  of  runway  33  L  on  Toulouse  airport. 
The  antennas  are  located  on  top  of  the  shelter. 


Figure  N®  1  :  STNA  ground  station 

This  station  is  composed  of  three  parts  : 

Reference  station  :  Receives  the  GPS  signals, 
calculates  the  GPS  position,  compares  to  the  WGS  84 
reference  position,  elaborates  the  corrections  for  each 
satellite,  sends  the  corrections  to  the  airplane  via 
VHF  data  link. 

Integrity  monitoring  station  :  Receives  the  GPS 
signals,  receives  the  differential  corrections  via  the 
VHF  data  link,  substract  the  differential  corrections 
to  the  ground  station  reference  position,  compares  the 
result  to  the  GPS  position. 

Position  monitoring  :  This  monitoring  is  ensured  by  a 
DGPS  receiver  which  calculates  a  GPS  corrected 
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position  using  corrections  transmitted  via  VHF  and 
compares  it  to  the  reference  position. 

If  the  position  monitoring  or  the  integrity  monitoring 
detects  any  anomaly,  integrity  is  set  to  false  and  the 
data  link  transmits  a  non  availability  information. 

Remark  : 

Multipath  signals  are  minimized  by  the  shock-ring 
type  GPS  antennas,  and  with  specific  software. 

2.1.2  Sextant  portable  ground  station  prototype 

This  ground  station,  which  is  a  prototype,  was  the 
first  one  available,  and  was  used  during  the  first  part 
of  the  tests.  It  was  designed  by  Sextant  according  to 
SCAT  I  recommendations  for  the  data  link  (same 
definition  as  STNA).  It  is  a  portable  equipment 
powered  by  a  12  VDC  battery.  The  GPS  antenna  is 
located  on  the  ground  at  a  distance  of  about  20 
meters  from  the  equipment. 


■ 

?  1 

[  GPS 
(  Receiver 

VHF 

Transmitter 

Reference  station 
Computation  /  Treatment 

_ 

■ 

: _ 1 

f 

_ 

Control  Segment 

(Configuration,  Visualisation.  Record...) 

- - - - - - -  -  - - - -  ^ 

Figure  N®  2  :  Sextant  portable  ground  station 

This  station  consists  only  of  a  reference  station  which 
calculates  the  differential  corrections  and  sends  them 
via  the  VHF  data  link.  This  station  does  not  provide 
any  integrity  monitoring. 

This  portable  system  is  designed  to  obtain  the 
reference  coordinates  and  related  data  of  the  flight 
paths  in  less  than  3  hours.  It  offers  the  possibility  to 
perform  trials  on  different  environments  with  a  very 
short  preparation  time.  This  capability  was  used 
several  times  for  demonstration  purpose. 

2.2  Data  link 

The  data  link  used  for  this  experiment  was  the  same 
for  all  ground  stations.  It  is  described  in  RTCA 
SCAT  I  document  appendix  F.  It  is  in  the  VHF 
communication  band  (experiment  frequency  is 
122.475  MHz),  with  an  hybrid  Modulation  Shift 
Keying  (MSK),  a  transmission  rate  of  2400  bits  per 
second,  and  a  refresh  rate  of  1  Hz. 


Information  sent  are  : 

Pseudo  range  corrections. 

User  Difference  Range  Error, 

Acceleration  Bound  Error, 

Range  Rate  Correction, 

Reference  time. 

A  4th  VHF  antenna  has  been  installed  on  board  the 
aircraft  for  the  DGPS  data  link  purpose.  This  antenna 
is  linked  to  a  specific  VHF  receiver  designed  for  the 
datalink  purpose,  located  on  the  DGPS  pallet. 


2.3  Airborne  equipment 

As  already  mentioned,  the  objective  was  to 
implement  the  DGPS  on  board  the  aircraft  with  no 
modification  of  the  connected  systems  :  all  the  DGPS 
interfaces  were  strictly  identical  to  the  ILS  interfaces. 

The  experimental  architecture  is  based  on  a  single 
DGPS  installation. 

Both  vendors  provided  the  same  type  of  DGPS  pallet 
consisting  of : 

.  A  GPS  receiver  based  on  ARINC  743A  definition 
providing  Position/  Velocity /Time 

.  A  VHF  data  link  receiver,  in  accordance  with 
SCAT  I  protocol 

.  DGPS  system  computing  :  (refer  to  Fig.  N°  3) 

-  the  corrected  GPS  position  of  the  aircraft, 

-  the  approach  path  according  to  the  runway 
selected  by  the  pilot  through  the  MCDU  (the 
ideal  path  is  calculated  using  the  WGS  84 
reference  points  (The  2  runway  thresholds)  and 
the  glide  slope  stored  in  the  DGPS  data  base), 

-  the  deviations  between  the  aircraft  DGPS 
position  and  the  approach  path,  using  the  proper 
lever  arm  corrections  (static  and  dynamic) 
between  GPS  antenna  and  ILS  G/S  antenna 
position  on  the  aircraft,  which  is  the  reference 
position  for  the  automatic  guidance. 

Sextant  and  Litton  equipment  were  experimented 
during  this  trial. 
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Figure  3  :  Airborne  receiver 

2.3.1  Sextant  airborne  equipment  specificities 

The  airborne  GPS  landing  equipment  is  based  on  an 
ARINC  743  GNSS  sensor  (TOPSTAR  equipment 
from  Sextant  Avionique),  which  has  been  modified  to 
contain  the  differential  GPS  Landing  functions.  The 
basic  navigation  functions  are  : 

10  parallel  channel  GPS  signal  processing 
(code/phase)  all-in-view  (0*  mask  angle),  LI, 
C/A 

.  RAIM  algorithm 

.  Position,  Velocity,  Time  (P.V.T.)  calculations  at 
10  Hz 


Remark  :  For  the  trial  purpose,  when  an  approach 
must  be  performed  on  a  non  ILS  equipped 
runway,  a  dummy  ILS  frequency  is  introduced  in 
the  FMS  in  order  to  be  able  to  access  the  runway 
reference  points. 

Air  Data  Inertial  Reference  System  (ADIRS)  : 
The  DGPS  receives  the  aircraft  position  for 
initialization  of  the  GPS  receiver,  and  the  attitude 
information  for  the  dynamic  lever  arm  correction 
calculation,  and  the  velocity  for  Litton  coasting. 


2.3.2  Litton  airborne  equipment  specificities 

This  equipment  is  composed  of  a  12  channel  Novatel 
card,  using  a  narrow  correlator  technique. 

It  receives  IRS  velocity  information  to  perform  a 
Kalman  filtering  between  differential  GPS  position 
and  IRS  information.  This  function  named  by  Litton 
"Coasting  mode",  allows  to  propagate  DGPS  position 
information  calculation  up  to  several  tens  of  seconds 
after  differential  corrections  loss. 


2.3.3  Airborne  equipment  interfaces 


.  ILS-like  position  information  :  When  the 
DGPS/ILS  switch  is  set  to  "DGPS",  the  lateral 
and  vertical  deviations  are  sent  to  the  Auto  pilot 
for  guidance  control  law  computation,  and  to  the 
Display  Management  Computers  for  display  on 
the  Primary  Flight  Display  and  the  Navigation 
Display.  A  look-alike  glide  deviation  and  a  look- 
alike  localizer  deviation  are  transmitted  with  an 
angular  format. 

.  DGPS  Control  Panel  : 

This  control  panel  is  located  on  top  of  the 
glareshield.  It  is  composed  of  four  lights  : 


Inputs  : 


"DGPS/ILS"  Switch  :  this  switch  is  located  on  the 
center  pedestal  and  allows  the  crew  to  choose  to 
select  an  ILS  approach  or  a  DGPS  approach. 


Flight  Management  System  (FMS)  :  The  DGPS 
receives  from  the  FMS  the  ILS  frequency  and  the 
ident  of  the  runway  selected  by  the  crew  through 
the  MCDU  or  the  RMP. 


Figure  N®  4  :  DGPS  control  panel 
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.  DGPS  "ON”  :  The  aircraft  systems  receive  the 
DGPS  ILS  like  information  instead  of  the  ILS 
information 

.  DGPS  "AVAIL"  :  DGPS  system  is  operational 
and  data  link  is  correct  -  When  an  integrity 
anomaly  has  been  detected  by  the  ground  station 
or  the  on-board  equipment  or  when  a  performance 
degradation  has  been  detected  by  the  DGPS  on¬ 
board  equipment,  this  light  flashes. 

.  TUNNEL  "CAUT"  :  Linked  to  the  RNP  tunnel 
principle  -  Flashes  when  aircraft  is  outside  the 
Inner  tunnel  but  in  the  outer  tunnel,  and  lights 
when  aircraft  is  outside  the  outer  tunnel. 

Reminder  :  the  inner  tunnel  deflnes  the  typical 
95th  percentile  aircraft  flight  deviations,  and  the 
outer  tunnel  defines  the  10-^  rare  event  aircraft 
containment  surface. 

.  DGPS  "FAULT"  :  Lighted  when  a  DGPS 
receiver  failure  is  detected. 


2.3.4  Displays 

The  DGPS  ILS-like  deviations  are  displayed  on 
Primary  Flight  Display  1  (Captain  side)  and  on 
Navigation  Display  2  (First  officer  side)  while  ILS  2 
information  is  still  displayed  on  PFD  2  and  NDl  for 
crosscheck. 

Remark  :  This  is  the  same  architecture  as  today  ILS 
definition  where  ILS  1  is  displayed  on  PFD  1  and 
ND  2,  ILS  2  is  displayed  on  PFD  2  and  ND  1. 

Runway  heading  computed  using  DGPS  data  base 
waypoints  are  diplayed  on  PFD  1  and  ND  2. 

ILS  frequency  and  runway  ident  used  for  the  DGPS 
approach  selection  are  displayed  on  PFD/ND  as  with 
ILS  classical  information  today. 

Note  :  the  human  machine  interface  has  been  defined 
for  the  test  purpose  only.  It  is  being  improved  for 
production  implementation. 

3.  RESULTS 

3.1  Trial  conditions 

After  the  system  design  and  aircraft  modifications 
during  early  1994,  the  ground  station  prototypes 
were  installed  on  Toulouse  airport  on  September 
1994. 

The  DGPS  flight  trial  campaign  begun  on  October 
1994.  Three  steps  can  be  distinguished  : 

-  Debug  flights 


-  Performance  flights  for  fine  analysis. 

-  Demonstration  flights  for  airlines  on  different 
airports. 

During  the  first  flight  on  13  October  1994,  in  view 
of  the  good  behavior  during  the  first  manual 
approach,  the  test  pilots  performed  successfully  9 
automatic  DGPS  captures,  approaches,  including 
autolands  and  roll-out  with  success  on  two  Toulouse 
runways. 

At  the  end  of  1994,  DGPS  autolands  were  performed 
for  system  adjustment,  and  then,  in  1995,  the  two 
different  LITTON  and  SEXTANT  pallets  were  tested 
and  demonstrations  were  performed  on  several 
airports  in  France,  China,  Mauritius,  and  South 
Africa. 

The  DGPS  system  has  been  tested  in  different 
environmental  conditions  : 

-  different  constellation  geometries, 

-  different  weather  conditions, 

-  different  locations  for  the  ground  station. 

During  the  7  months  of  the  Airbus  DGPS 
experimentation,  the  A340  n^l  performed  a  total  of 
180  DGPS  approaches  and  landings  (113  autolands), 
on  7  airports  and  15  different  runways. 

Using  the  Sextant  airborne  receiver  :  70  landings  in 
Toulouse  +  60  for  airlines  demonstration  in  China, 
Mauritius  and  South  Africa. 

Using  the  Litton  airborne  receiver  :  50  landings  at 
Toulouse  airport. 

3.2  Analysis  means 

A340  n®  1  is  the  Airbus  Industrie  flight  test  vehicle, 
ftilly  equipped  for  development  flights  with  : 

-  recorders  (all  aircraft  parameters  recorded) 

-  real  time  telemetry 

-  microwave  trajectography  (accuracy  0.5  m  in 
the  three  axes). 

The  DGPS  parameters  are  recorded  onboard  and 
simultaneously  sent  by  telemetry  for  real  time 
analysis  on  the  ground.  Telemetry  also  allows  real 
time  discussions  between  ground  engineers  and  the 
flight  test  crew  on  board  the  aircraft. 

Microwave  trajectography  was  used  to  mesure 
around  60  approaches. 

Litton  also  used  their  "FLYKIN"  process  which  is  a 
post  processing  DGPS,  based  on  a  phase  tracking 
technique  for  quick  analysis. 
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3.3  Results 
3.3.1  Accuracy 

The  analysis  of  aircraft  system  behavior  and  DGPS 
performance,  show  that  the  DGPS  system  provides  at 
least  the  accuracy  needed  for  Cat  2  precision 
approach  down  to  autoland. 

The  accuracy  of  the  DGPS  system  for  precision 
approach  can  be  separated  into  two  different 
categories  : 

-  NSE  :  Navigation  System  Error  represents  the 
intrinsic  error  of  the  DGPS  system. 

-  FTE  :  Flight  Technical  Error,  is  the  guidance 
system  error  including  guidance  loop,  weather, 
wind,  aircraft  characteristics,... 

The  Total  System  Error  TSE  =  FTE  +  NSE  is  the 
accuracy  of  the  complete  aircraft  guidance  : 
navigation  H-  autopilot. 


ground  station,  the  accuracy  of  the  trajectography 
and  the  error  of  the  DGPS  system. 

The  95  %  error  results  are  in  accordance  with 
expected  performances. 

Figures  show  that  DGPS  accuracy  complies  with  ILS 
Cat  1  and  ILS  Cat  2  requirements,  but  not  with  ILS 
vertical  Cat  3  requirements.  However,  below  100  ft, 
the  autoflight  system  uses  aircraft  vertical  position 
calculated  using  not  only  ILS-like  vertical  position. 
Below  50  ft,  DGPS  vertical  position  is  not  used, 
anymore  by  autoflight.  As  a  consequence,  DGPS 
vertical  accuracy  should  not  be  an  issue  to  perform 
autoland. 

Total  System  Error 

The  aircraft  touch-down  point  on  the  runway  for 
DGPS  landing  are  shown  on  the  following  figure,  for 
44  autolands  : 


Navigation  system  error  ; 

The  dispersion  for  the  STNA  ground  station  was 
measured  when  installed  on  the  airport  on  static 
point : 

lateral  :  -f /-  1.2  m  and  vertical  :  -h/-  2.5  m. 

The  accuracy  of  the  complete  DGPS  system, 
measured  using  trajectography  during  the  approach, 
is  : 

lateral  :  +/-  1.8  m  and  vertical  :  +/-  2.8  m. 

These  values  are  the  95  %  deviations  on  around  50 
approaches. 

The  extreme  conditions  encountered  for  the  whole 
DGPS  approaches  and  landings  are  displayed  on 
Table  1. 

The  accuracy  observed  during  the  trial  is  indicated 
on  Table  2. 

For  comparison,  on  Table  3,  are  indicated  the 
required  ILS  accuracy  (ICAO  Annex  10). 

Comments 


The  lateral  accuracy,  as  expected,  is  better  than  the 
vertical  accuracy.  Furthermore,  accuracy  is 
continuous  all  along  the  approach. 

The  average  values  included  the  dispersion  of  the 
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MIN 

AVERAGE 

MAX 

Nbr  Tracked 
Satellites 

4 

6 

7 

HDOP 

0.9 

- 

3.9 

V  DOP 

1.2 

- 

4.1 

TABLE  1  :  GPS  Constellation  on  Toulouse  Airport  during  DGPS  approaches 


HEIGHT 

200  FT 

100  FT 

SOFT 

Touchdown 

Lateral  (metres) 

1C  2  a 

T  2  ff 

X  2  (T 

X  2  a 

-0.1  1.8 

-0.1  1.8 

-  0. 1  1.6 

-0.2  1.8 

Vertical  (metres) 

-0.1  3.2 

0.1  2.8 

0.4  2.4 

0.4  2.4 

X  :  Average  Value 

TABLE  2  :  Accuracy  (DGPS  vs  trajectography) 


Cat  1  (200  ft) 

Cat  2  (100  ft) 

Cat3  (<  100  ft) 

Lateral 

+  /-  18.7  m 

+  /-  6.3  m 

+  /-  4.6  m 

Vertical 

+  /-  5.4  m 

+/-  2.5  m 

+  /-  0.8  m 

TABLE  3  :  ICAO  Annex  10  -  ILS  Performance  Requirements 


a  :  L70  m 

Max  Lateral  value  <  4  m. 


Those  figures  are  inside  the  performance  landing 
area  (AWO  10-6). 


The  dotted  line  correspond  to  the  performance 
landing  area  for  the  A340  centerline  according  to  the 
A340  landing  gear  width. 

The  touching  points  (as  displayed  on  Figure  N°  5) 
are  very  close  to  the  centerline  (always  better  than  3 
meters),  but  spread  over  200  meters  on  the  X  axis 
due  to  weather  and  guidance  conditions. 

Figure  N°  5  :  Touch  Down  Position  Influence  of  the  satellite  constellation  : 

The  Total  System  Error  estimated  for  the  lateral 
touch  down  accuracy  is  : 

Average:  -  0.35  m 
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It  was  difficult  to  find  a  direct  simple  link  between 
the  satellite  geometry  (dilution  of  precision  HDOP, 
VDOP),  and  the  accuracy  of  the  DGPS  position.  It 


depends  on  geometry  and  other  factors  as  satellite 
elevation,  number  of  satellites  with  low  elevation, 
signal/noise  ratio,  multipath,  etc... 

In  fact,  the  accuracy  is  degraded  when  several 
satellites  are  at  low  elevation  despite  a  good 
HDOP/VDOP. 

On  the  contrary,  with  a  less  good  HDOP/VDOP,  but 
with  no  satellite  at  low  elevation,  the  performance  is 
better. 

This  trial  confirms  that  the  LADGPS  accuracy  is 
good  enough  to  perform  Cat  1  and  Cat  2  approaches. 
Thanks  to  the  very  good  performances  of  the  A340 
autopilot,  the  DGPS  could  also  be  used  to  perform 
autolands. 


3.3.2  Integrity 

The  integrity  monitoring  is  performed  by  the  ground 
station.  Sextant  airborne  DGPS  equipment  also  uses 
RAIM.  Figures  can  only  be  obtained  with  calculation 
because  of  the  very  high  requirements  (10*^  in  certain 
cases),  which  would  require  a  huge  number  of  flight 
hours. 

However,  for  Sextant  equipment  (it  is  the  only  one 
which  contains  a  DGPS  RAIM  algorithm),  when 
RAIM  algorithm  detects  a  satellite  failure  and 
deselects  the  failed  satellite,  a  DGPS  position 
variation  can  be  observed.  To  counteract  this  issue,  a 
specific  filtering  has  been  introduced  in  the 
algorithm. 

3.3.3  Continuity  of  service 

Two  cases  have  been  identified  causing  an 
interruption  of  the  continuity  of  service. 
Consequences  are  the  followings  : 

The  ground  station  antenna  must  be  located  on  a 
clear  area  with  no  metallic  structure  around  it,  as 
well  as  in  a  place  above  which  aircraft  do  not  fly. 
For  instance,  the  ILS  LOC  shelter  location  must 
be  avoided  because  the  aircraft  may  mask  the 
satellites  tracked  by  the  ground  station  and  cause 
multipath  when  landing,  causing  a  loss  of  GPS 
signals  from  the  satellites. 

During  aircraft  turns  with  bank  angles  over  20® 
(capture  situation),  some  satellites  can  be  lost  by 
the  airborne  GPS  receivers  because  the  aircraft 
masks  some  satellites.  This  may  last  several 
seconds.  However,  there  is  no  operational 
consequence  because  high  rate  turns  occur  far 
from  the  runway  threshold,  and  because  the 
DGPS  re-acquires  the  GPS  satellites  very  quickly. 


Data  link  failures  were  simulated  during  the 
approach,  and  after  the  15  seconds  delay  (SCAT  I 
recommendations),  the  Sextant  DGPS  provided  a 
position  with  no  accuracy  degradation. 

Using  the  Litton  "Coasting  mode",  landings  were 
tested  with  datalink  failure  simulated  under  700  ft 
(around  1  minute  before  touch).  A  vertical  error 
leading  to  an  earlier  touch-down  was  observed,  as 
well  as  a  lateral  error  of  a  maximum  of  3  meters. 
These  are  very  good  results  regarding  the  data  link 
loss  delay. 

3.2.4  Interoperability 

Each  groimd  station  has  been  tested  with  each 
airborne  equipment.  Each  configuration  worked 
properly.  No  anomaly  was  detected. 

3.3.4  Qualitative  results 
ILS  look-alike  observations 

.  The  ILS  look-alike  principle  is  compatible  with 
current  ILS  precision  approach  operations  on  a 
modem  aircraft  such  as  A340.  The  DGPS  receiver 
emulates  correctly  all  the  aircraft  equipment  up  to 
autoland.  It  has  been  observed  that  ILS  like 
deviations  were  very  clean  and  smooth  compared 
to  ILS  deviations. 

.  The  10  Hz  refresh  rate  of  the  DGPS  output 
deviations  are  lower  than  the  refresh  rate  of  the 
ILS  information  (20  Hz).  However,  they  are 
compatible  with  the  autopilot  and  displays  system 
performances 

.  Experiment  shows  that  dynamic  lever  arm 
corrections  of  the  antenna  positions  are  not  really 
necessary.  If  this  is  not  used,  it  does  not  have  any 
impact  on  guidance  performance  provided  GPS 
antenna  position,  which  is  on  top  of  the  aircraft, 
has  been  projected  on  to  the  ILS  Glide  antenna 
axis.  However,  in  case  of  landing  with  cross  wind, 
as  the  GPS  antenna  is  located  far  behind  the  ILS 
LOC  antenna,  the  main  gear  of  the  aircraft  will  be 
closer  to  the  runway  centre  line  and  the  nose  of  the 
aircraft  will  be  beside  it. 


Figure  N°  6  :  Antennas  position 
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The  runway  selection  means  have  not  been 
modified  compared  to  the  classical  ILS  selection. 
However,  it  will  have  to  be  modified  in  the 
future. 

DGPS  system  should  allow  to  display  the  distance 
between  aircraft  and  runway  threshold, 
information  which  today  is  obtained  with  markers 
and  DMEs. 

For  this  experiment  purpose  and  in  order  to  keep 
the  operational  aspects  (HMI)  as  much  as 
possible  compatible  with  todays  ILS  procedures, 
the  Loc-like  and  Glidelike  deviations  have  been 
displayed  under  angular  indications.  In  order  to 
take  full  advantage  of  the  DGPS  capabilities, 
linear  deviations  have  to  be  considered. 


3.3.5  Miscellaneous 

According  to  SCAT  I  definition,  Sextant  system 
performances  are  not  degraded  while  a  15 
seconds  data  link  loss  occurs. 

.  The  Litton  "coasting  mode"  which  propagates 
corrections  when  the  data  link  is  interrupted  was 
tested  between  700  ft  and  400  ft  altitude.  It 
showed  a  propagation  of  the  corrections  which 
was  good  enough  to  perform  autoland. 

This  trial  showed  that  the  measurement  and  the 
input  of  the  descent  path  had  to  be  performed 
very  accurately. 

The  quality  of  the  data  link  is  also  very  important 
and  very  specific  work  will  have  to  be  performed 
on  the  integrity  of  the  data  link. 

.  The  tunnel  alarms,  as  defined  in  the  RTCA 
SCAT  I  document,  have  been  tested.  Preliminary 
feelings  are  that  these  alarms  don’t  fullfil 
operational  needs.  This  concept  has  to  be 
improved  with  an  HMI  study. 

4.  DEMONSTRATION 

In  view  of  the  excellent  results  obtained  during  the 
trials  performed  in  Toulouse,  the  Airbus  A340  N®1 
realized  demonstrations,  with  no  specific  preparation, 
in  different  places  over  the  world  : 

-  On  another  French  airport  :  Montpellier 

-  On  3  Chinese  aiports  :  Beijing,  Shanghai, 
Guangzhou 

-  On  Plaisance  airport  in  Mauritius 

-  On  Mmabatho  airport  in  South  Africa. 


These  demonstrations  were  performed  using  the 
Sextant  portable  ground  station  which  is  designed  for 
rapid  installation,  measurement,  and  usage,  and 
Sextant  airborne  equipment. 

More  than  60  approaches  including  35  autolands 
were  performed  by  different  airline  pilots,  which 
were  very  positively  impressed  by  the  accuracy,  and 
the  user-friendliness  of  the  system. 

These  approaches  were  made  in  manual  mode,  flight 
director  mode,  and  autopilot  mode.  In  most  cases, 
the  approaches  were  extended  down  to  touch  down 
and  roll-out. 

The  DGPS  system  even  allowed  to  perform  autolands 
(Cat  3  conditions)  from  the  first  trial  day. 

5.  CONCLUSION  AND  PERSPECTIVE 

The  analysis  of  the  DGPS  test  flights  is  not  totally 
completed  yet,  but  the  results  already  obtained 
demonstrate  that  the  accuracy  of  the  DGPS,  coupled 
to  autopilot,  already  fulfills  the  Cat  1  and  Cat  2 
accuracy  requirements  in  principle  for  the  aircraft 
system  interface. 

More  than  110  autolands  were  performed  with 
Airbus  A340,  with  this  experimental  installation 
without  modification  on  the  main  aircraft  system. 

The  integrity,  availability,  and  continuity  of  service 
parameters  remain  to  be  analysed  with  simulations, 
and  other  GPS  augmentations  may  be  necessary  to 
obtain  the  safety  required  for  autoland. 

The  interoperability  was  tested  with  different 
airborne  and  ground  stations. 

The  main  lessons  are  the  following  : 

"  Good  understanding  of  the  DGPS  by  the  pilots, 
who  find  the  same  presentation,  behavior, 
ergonomics  as  ILS  information. 

-  Good  behavior  of  aircraft  systems,  such  as  the 
display  system  and  the  autopilot  (same  behavior  as 
with  the  standard  ILS. 

-  Proper  filtering  and  extrapolation  for  the  deviation 
computations  are  needed. 

-  Lateral  precision  <  1.8  m  (95  %)  -  Vertical 
Precision  <  2.8  m  (95  %)  obtained  complies  with 
Cat  1  and  Cat  2  accuracy  requirements. 

-  Ground  station  must  be  improved  (multipath, 
availability,  integrity  monitoring,...) 
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In  view  of  the  very  good  results  obtained  during  the 
experiment  as  well  as  its  excellent  portability,  Airbus 
has  decided  to  launch  a  Differential  GPS 
development  and  certification  program.  The 
development  will  be  realized  in  the  frame  of  a  Multi- 
Mode  Receiver  including  an  ILS  receiver  and  a 
DGPS  receiver  on  the  base  of  a  dual  installation. 

The  Airbus  objective  is  to  certify  this  new  equipment 
for  category  1  landing  using  DGPS  by  mid  1997. 

Excellent  performances  already  obtained  associated 
with  improved  integrity  monitoring  and  availability  of 
the  ground  station  should  allow  to  certify  Category  3 
approaches. 
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ABSTRACT 

The  FAA  has  been  conducting  a  Category  III  (CAT  III) 
feasibility  program.  This  paper  reviews  both  planning 
and  technical  aspects  of  the  program.  The  background 
and  schedule  for  the  CAT  III  program  is  summarized, 
including  the  relationship  to  the  FAA’s  Local  Area 
Augmentation  System  (LAAS)  and  Wide  Area 
Augmentation  System  (WAAS)  programs.  Results  and 
insights  gained  from  four  of  the  CAT  III  flight  test 
campaigns  are  summarized,  and  several  major  remaining 
work  areas  for  CAT  III  feasibility  are  discussed. 


INTRODUCTION 

Background 

The  FAA  early  on  recognized  the  tremendous  potential  of 
the  GPS  Standard  Positioning  Service  (SPS)  for  civil 
aviation.  Consequently,  the  FAA  established  a  program 
for  satellite  navigation  that  sought  to  incrementally 
introduce  GPS  service  into  use  within  the  National 
Airspace  System  (NAS).  This  program  has  been 
extremely  successful  and  has  prompted  the  FAA  to 
embark  upon  a  development  program  for  augmentation  of 
the  SPS  in  order  to  meet  aviation  requirements  that 
exceed  the  capabilities  of  SPS.  This  development 
program  has  capitalized  upon  advances  in  differential 
GPS  (DGPS)  technology.  Besides  improving  the 
accuracy  provided  by  SPS,  DGPS  provides  a  check  of 
system/signal-in-space  integrity,  and  may  enhance 
navigation  continuity  of  service  and  availability.  These 
four  parameters—accuracy,  integrity,  continuity,  and 
availability-constitute  the  required  navigation 
performance  (RNP)  that  GPS-SPS,  an  SPS  augmentation 
scheme,  or  any  other  navigation  system  must  meet  in 
order  to  qualify  as  a  "primaiy"  means  of  navigation  for  a 
particular  phase  of  navigation.  Phases  of  navigation  are 
defined  generally  as  oceanic-en  route,  domestic-enroute, 


terminal  area,  approach  and  landing,  and  surface 
navigation. 

The  most  effective  and  efficient  use  of  DGPS  technology 
that  the  FAA  is  developing  is  the  Wide  Area 
Augmentation  System  (WAAS).  WAAS  makes  use  of  a 
network  of  DGPS  ground-reference  stations  distributed 
throughout  the  NAS  that  monitor  SPS  performance, 
correct  for  SPS  errors,  and  broadcast  correction  and 
integrity  messages  throughout  the  NAS  via  transponders 
on  geostationary  satellites.  The  extensive  coverage  area 
provided  by  the  geostationary-satellite  broadcasts  gives 
WAAS  its  wide-area  coverage.  WAAS  will  augment  SPS 
by  providing  aviation  users  a  primary  means  of  navigation 
for  eveiy  phase  of  navigation.  Precision  approach  will  be 
supported  by  WAAS  to  Category  I  (CAT  I)  minima— 
down  to  200  ft  above  the  runway  smface.  This  service 
will  be  sufficient  for  the  vast  majority  of  aviation  user 
needs  and,  most  likely,  for  many  non-aviation  users. 

The  FAA  is  also  pursuing  DGPS  in  a  local  area 
configuration— the  Local  Area  Augmentation  System 
(LAAS).  An  individual  LAAS  will  have  much  less 
coverage,  probably  out  to  the  range  of  a  one-way  local- 
area  DGPS  (LADGPS)  broadcast  sufficient  to  cover 
terminal  airport  operations.  This  limited  coverage, 
however,  is  necessary  in  order  to  realize  the  benefits  of 
LAAS.  Although  the  LAAS  will  overlap  with  WAAS 
coverage  in  providing  terminal  area  and  CAT  I  precision 
approach,  it  will  also  support  operations  that  WAAS 
cannot  support,  due  to  limitations  in  accuracy,  integrity, 
continuity,  and  availability.  Specifically,  LAAS  will 
support  CAT  II  precision  approaches  (instrument  descent 
to  within  100  feet  of  the  runway  surface),  CAT  III 
automatic  landings  (instrument  descent  below  50  ft  of  the 
runway  surface),  and  airport  surface  navigation.  LAAS 
will  also  be  usefiil  to  extend  the  availability  of  precision 
approach  service  at  high  traffic  airports  and  where  there  is 
no  WAAS  coverage,  i.e.,  at  high  latitudes  or  remote/island 
destinations  or  in  areas  with  terrain  masking  of  the 
geostationary  satellites. 
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The  design  of  both  the  WAAS  and  LA  AS  will  be 
complementary.  The  goal  is  to  provide  for  seamless, 
satellite-based  navigation  service  as  the  primary  means  of 
navigation  within  the  NAS  and  perhaps,  on  a  global  basis. 
The  advantages  of  such  a  system  are  enormous:  the  FAA, 
and  other  service  providers,  could  dispense  with  an 
extensive  and  expensive  inventory  of  terrestrial  systems 
now  required  for  aviation;  the  aviation  community  would 
have  a  single  navigation  system  for  all  possible  needs, 
thereby  reducing  the  cost  of  aircraft  equipage, 
maintenance,  and  pilot  training;  other,  non-aviation  users 
would  have  access  to  these  services. 

CAT  III  Feasibility  Program 

The  FAA's  CAT  III  feasibility  research  program  is  part  of 
the  LAAS  program.  The  FAA  embarked  upon  an 
ambitious  program  to  establish  the  feasibility  of 
supporting  CAT  III  automatic  landings  based  upon 
LADGPS  in  1992.  This  program  concentrated  on 
demonstrating  that  LADGPS  techniques  could  provide  the 
required  accuracy  and  signal  integrity  for  CAT  III 
automatic  landings,  the  most  stringent  of  the  requirements 
that  the  LAAS  is  expected  to  meet.  The  centerpiece  of  the 
program  was  a  request  for  proposals  (RFP)  to  industry 
that  was  released  in  September  of  1993.  TTie  program 
was  to  conclude  flight  testing~the  basis  for  feasibility 
determination— in  mid- 1995.  That  milestone  has  been 
met.  In  parallel,  the  feasibility  study  included  research 
work  (including  flight  tests)  with  Ohio  University, 
Stanford  University,  and  NASA  Ames  to  mitigate  any 
contractual  risks  incurred  with  release  of  the  RFP.  An 
overall  program  schedule  is  shown  in  Figure  1.  A  more 
detailed  summary  of  the  CAT  III  feasibility  program  may 
be  found  in  [1]. 

The  RFP  anticipated  multiple  contracts,  and,  in  fact, 
contracts  were  let  with  Wilcox  Electric  of  Kansas  City, 
Missouri  and  E-Systems  Montek  Division  of  Salt  Lake 
City,  Utah  in  June  of  1994.  Both  contracts  called  for  a 
phased  approach.  Phases  1  and  2  involved  system  design 
and  culminated  in  design  reviews  for  both  contractors. 
These  activities  were  completed  in  October  1994.  Phase  3 
included  system  development,  culminating  in  a  flight 
readiness  review.  Originally  this  phase  was  to  be 
completed  in  early  1995  but  the  flight  readiness  review 
was  shifted  to  immediately  precede  flight  testing.  Both 
contractors  successfully  concluded  this  phase  in  April 
(Wilcox)  and  June  1995  (E-Systems).  Phase  4  was  the 
flight  test  phase  upon  which  this  paper’s  results  are 
drawn.  Wilcox  successfully  concluded  flight  tests  in 
April  and  E-Systems  did  so  in  June  of  1995.  Phase  V 
calls  for  extensive  simulator  and  laboratory 
experimentation,  and  will  begin  September  1995. 

The  Ohio  University,  Stanford  University,  and  NASA 
Ames  programs  proceeded  along  parallel  lines,  although 
some  of  the  contract  phase  requirements  were  not 
included.  Nonetheless,  the  flight  test  plans  used  for  the 


two  contractors  were  closely  adhered  to,  where  possible, 
when  testing  the  systems  developed  by  the  universities. 
Additionally,  Ohio  University  developed  two  different 
LADGPS  configurations  for  flight  testing  and  for 
simulation;  neither  the  Stanford  nor  NASA  Ames  systems 
were  tested  in  the  simulator.  Stanford  University 
completed  flight  testing  in  October  1994,  Ohio  University 
flight  tested  in  October  1994  and  February  1995,  and 
NASA  Ames  completed  flight  tests  in  June  of  1995.  The 
Ohio  simulation  test  was  run  in  December  of  1994. 

All  experimentation  with  DGPS  systems  from  developers 
in  the  feasibility  study  has  been  successful,  and  has 
prompted  the  FAA  to  declare  that  its  accuracy  feasibility 
determination  has  been  met  by  mid- 1995  (as  planned). 
The  integrity  feasibility  based  on  testing  was  extremely 
encouraging,  but  requires  more  study  and  detailed 
analysis  of  the  various  integrity  algorithms.  This  analysis 
is  part  of  the  charter  of  the  FAA’s  LAAS  Integrity  Panel 
(LIP).  The  LIP  is  an  independent  panel  consisting  of  both 
government  and  private  members. 


RESULTS  AND  INSIGHTS 

The  CAT  III  feasibility  program  allowed  some  insights  to 
be  gained  on  accuracy,  integrity,  continuity,  and 
availability  as  well  as  concrete  test  results.  The  Level  1 
and  Level  2  Test  Plans  [2,3]  describe  the  experiment 
design  in  detail. 

Accuracy 

The  CAT  III  feasibility  program  allowed  a  DGPS  system 
developer  two  choices  for  evaluation  of  accuracy. 

Navigation  Sensor  accuracy.  Navigation  sensor  accuracy 
(NSE)  was  one  of  the  choices  for  accuracy  evaluation.  To 
meet  the  NSE  requirements,  a  system  had  to  meet  the 
CAT  III  vertical  and  lateral  accuracy  requirements  for  the 
Instrument  Landing  System  (ILS)  at  100  ft  height  above 
threshold  (HAT)  as  derived  from  ICAO,  Annex  10  [4]. 
NSE  is  measured  in  runway  coordinates  and  is  defined  as 
the  difference  between  the  aircraft  position  as  derived  by 
the  navigation  system  and  the  laser  tracker  truth  system. 
Since  real-time  carrier  phase  methods  have  position 
accuracies  on  the  order  of  a  decimeter,  those  developers 
who  used  carrier  phase  elected  to  be  evaluated  with 
respect  to  NSE. 

Total  system  error.  The  other  choice  for  accuracy  was 
total  system  error  (TSE).  TSE  is  defined  as  the  lateral  and 
vertical  offset  errors  from  the  desired  flight  path.  TSE  is 
measured  in  runway  coordinates  as  the  offset  of  the 
aircraft  position  from  the  desired  flight  path  as  determined 
by  the  laser  tracker  (TSE  =  Tracker  -  Desired)  or  by  TSE 
=  NSE  +  FTE,  where  FTE  is  the  flight  technical  error. 

FTE  is  the  flight  control  system's  error,  when  used  in  the 
operating  environment,  in  correcting  the  offset  from  the 
desired  flight  path  as  indicated  by  the  navigation  system. 
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The  equivalence  of  the  two  methods  of  measuring  TSE 
was  verified  by  the  flight  tests  as  shown  in  Figure  2.  Note 
in  Figure  2  that  the  ensemble  standard  deviations  are 
essentially  equal  along  the  approach,  and  the  ensemble 
means  vary  only  slightly.  The  code  developers  elected  to 
be  evaluated  with  respect  to  preliminary  TSE 
requirements  that  were  available  at  the  time  of  RFP 
release  [5].  These  requirements  are  with  respect  to 
navigation  performance  boundaries  about  the  desired 
flight  path  (sometimes  called  the  ’’tunnel”)  within  which 
the  aircraft  must  remain  during  the  approach. 

Summary  of  accuracy  results.  The  details  of  the  accuracy 
results  are  available  in  other  papers  presented  by  the 
developers  of  the  DGPS  systems  and  the  test 
organizations  [6-11].  This  discussion  presents  an 
integrated  look  at  the  results  from  four  flight  test 
campaigns  that  were  conducted  as  part  of  the  CAT  III 
feasibility  program.  Table  1  summarizes  these  flight  tests. 

Figure  3  contains  a  graphical  representation  of  the 
accuracy  results  in  terms  of  NSE  and  TSE;  FTE  results 
can  be  inferred  fi*om  the  figure  as  being  approximately 
equal  to  TSE  -  NSE.  Results  are  given  at  approximately 
50  ft  HAT  in  terms  of  the  absolute  value  of  the  mean  + 
twice  the  standard  deviation  ( I  p  I  +  2a).  Note  that 
data  for  all  these  parameters  were  collected  during  all  of 
the  flight  tests  except  for  E-Systems  (E-Systems  did  not 
have  an  autoland  capability).  Comparing  the  two  code 
systems  (Wilcox  and  Ohio  University)  indicates  that  their 
NSEs  are  comparable,  but  the  Ohio  University  TSE  is 
significantly  smaller  than  that  of  Wilcox.  This  is  due  to 
the  superior  autopilot  performance  of  the  newer  B-757  as 
compared  to  the  B-727. 

The  two  carrier  phase  systems  had  comparable  NSEs. 

The  carrier-phase  NSEs  are  certainly  more  accurate  than 
indicated  since  the  main  error  component  is  the  laser 
tracker  error  («  0.3  m  [95  percent]).  All  300  tallied 
approaches  for  autolanding  aircraft  (Wilcox,  Ohio 
University,  and  Stanford  University)  landed  within  the 
FAA’s  95  percent  touchdown  box  thus  indicating  that 
either  form  of  DGPS  can  consistently  provide  sufficient 
accuracy  for  successful  CAT  III  autoland  approaches. 

Integrity 

The  function  of  a  DGPS  integrity  algorithm  is  to  ensure 
that  a  defined  navigation  error  is  always  less  than  a  known 
error  bound.  Depending  upon  whether  DGPS  is  based  on 
code  phase  or  carrier  phase  this  function  was  carried  out 
by  two  basic  methods. 

Code  phase  integrity.  Since  state-of-the-art  code  phase 
DGPS  has  not  yet  produced  vertical  accuracy  less  than  ~  1 
m  (95  percent),  the  ILS  CAT  III  NSE  protection  levels 
(e.g.,  1.2  m  vertical  at  50  ft  HAT)  for  the  signal-in-space 
can  not  be  used  because  they  would  cause  an 
unacceptable  high  alarm  rate.  Therefore,  a  protection 
level  based  upon  TSE  was  used.  The  general  algorithm  is 


given  by  |FTE|  +  NSE|j„j(g'  0  a')  >  T  -  M,  where 
FTE  is  indicated  flight  technical  error,  NSEbnd(*)  is  an 
estimated  navigation  sensor  error  bound,  g’  accoiuits  for 
the  DGPS  correction  errors  as  determined  on  the  ground, 
a’  accounts  for  the  airborne  portion  of  NSE,  ©  is  a 
general  symbol  for  addition  (e.g.,  root-sum-square  [RSS] 
or  linear),  T  is  outer  performance  boundary  half¬ 
dimension  (tunnel)  that  can  only  be  penetrated  with  less 
than  1  •  10"^  probability  per  approach,  and  M  is  half¬ 
dimension  of  aircraft,  including  wheels.  The  purpose  of 
this  algorithm  is  to  estimate  and  monitor  the  magnitude  of 
the  total  system  error  (TSE  =  FTE  +  NSE)  to  prevent  the 
aircraft  from  penetrating  the  outer  performance  boundary. 
Since  FTE  is  measured  directly,  the  fundamental  problem 
of  the  integrity  algorithm  is  determining  NSEbndC*)- 

Knowledge  of  the  integrity  algorithms  of  a  number  of 
developers  indicates  that  each  has  a  different  way  of 
determining  NSEbndC*)-  Therefore,  a  general  method  for 
evaluating  the  performance  of  NSEbnd(*)  for  a  flight  test 
is  to  compare  its  real-time  calculated  value  at  time  t  to  the 
actual  NSE  as  determined  by  the  laser-tracker  truth 
source.  Unfortunately,  the  original  CAT  III  flight  test 
plan  did  not  specify  that  NSEbnd(*)  be  recorded,  but 
NSEbndC*)  be  recovered  through  postprocessing. 

The  Wilcox  flight  test  did  not  produce  any  undesired 
integrity  alarms  (no  missed  or  false  alarms)  since  the 
aircraft  was  always  well  within  the  performance 
boundaries  by  a  comfortable  margin.  To  explicitly 
exercise  the  integrity  algorithm,  a  zig-zag  taxi  maneuver 
was  conducted  along  the  runway  to  cause  the  aircraft  to 
intentionally  penetrate  the  lateral  outer  performance 
boundary.  However,  it  was  discovered  that  each  integrity 
alarm  occurred  a  few  feet  prior  to  the  penetration  of  the 
outer  performance  boundary.  This  early  alarming  appears 
to  be  inevitable  due  to  NSEbnd(*)  bounding  the  actual 
NSE. 

Carrier  phase  integrity.  Since  carrier  phase  provides 
positioning  accuracy  on  the  order  of  a  decimeter,  the 
integrity  position  protection  level  can  be  that  of  ILS. 

Since  accuracy  is  so  high,  receiver  autonomous  integrity 
monitoring  (RAIM)  is  employed  for  carrier  phase  [12,13]. 
In  other  words,  carrier  phase  allows  the  detection  of 
avionics  and  multipath  errors  at  the  aircraft,  as  well  as  any 
errors  in  the  DGPS  corrections.  For  E-Systems,  a  series 
of  special  tests  were  conducted.  While  the  aircraft  was 
parked,  the  DGPS  data  of  one  of  the  tracked  satellites  was 
subjected  to  an  induced  ramp  error.  The  results  of  this 
test  indicated  that  when  the  RAIM  performance 
parameters  are  set  (e.g.,  missed  detection  and  alarm  rate), 
alarms  frequently  occur  at  NSE  values  that  are  less  than 
0.5  m  even  though  the  protection  level  is  >  1  m.  In  other 
words,  with  carrier  phase  a  0.5  m  NSE  indicates 
something  is  wrong.  This  situation  is  acceptable  as  long 
as  the  alarm  rate  is  within  specification.  During  100 
approaches  each  for  E-Systems  and  Stanford  University 
there  were  no  false  alarms. 
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Availability  and  Continuity 

The  concepts  of  availability  and  continuity  may  be 
expressed  as  follows.  Availability  is  the  probability  the 
system  will  provide  service  when  needed.  Continuity  is 
the  probability  that  while  the  system  is  being  used  it  will 
continue  to  provide  service. 

Code  phase  availability.  The  traditional  method  of 
estimating  availability  for  code  phase  systems  has  been  to 
calculate  the  availability  of  achieving  a  vertical-dilution- 
of-precision  (VDOP)  less  than  some  maximum 
permissible  value.  Since  accuracy  =  2arange  *  VDOP  (95 
percent),  decreasing  2arange  would  allow  a  greater 
allowable  VDOP,  and  hence  a  higher  availability. 
However,  from  the  Wilcox  flight  tests  it  was  discovered 
that  up  to  about  a  maximum  VDOP  =  5,  the  NSE  appears 
to  be  independent  of  VDOP  as  shown  in  Figure  4. 
Therefore,  the  use  of  a  VDOP  criterion  for  availability 
may  be  too  conservative.  An  analysis  of  why  NSE 
appears  to  be  independent  of  VDOP  will  be  conducted. 

Code  phase  continuity.  No  continuity  problems  were 
experienced  with  code  phase  systems  during  the  CAT  III 
flight  tests.  However,  code  phase  could  be  susceptible  to 
continuity  interruptions  due  to  nuisance  integrity  alarms  if 
a  ground-monitor  alarm  limit  is  set  too  low.  In  the 
Wilcox  CAT  III  DGPS  system,  an  alarm  limit  for  a 
pseudorange-correction  comparison  between  a  reference 
and  a  monitor  receiver  was  arbitrarily  set  to  about  5  m  to 
avoid  a  high  alarm  rate  that  could  lead  to  declaration  of  a 
satellite(s)  as  unusable.  The  5  m  value  is  much  too  large 
to  screen  out  significant  errors  if  they  should  occur.  Thus, 
the  Wilcox  integrity  algorithm  was  essentially  based  on 
the  user  differential  range  error  (UDRE)  for  each 
pseudorange  correction  that  was  broadcast  as  part  of  the 
DGPS  message  from  the  ground.  However,  in  the  Ohio 
University  system,  the  pseudorange  alarm  limit  was  0.8  m 
and  no  false  alarms  were  recorded.  To  meet  signal-in¬ 
space  continuity  requirements,  an  analysis  described  in 
[13]  showed  that  code  phase  may  require  2  monitor 
receivers  on  the  ground  and  both  need  to  show  the  alarm 
to  provide  a  low  enough  alarm  rate  for  a  reference- 
monitor  comparison  test. 

Carrier  phase  availability.  During  the  E-Systems  flight 
test  of  a  kinematic  on-the-fiy  ambiguity  resolution  system, 
the  lowest-elevation  satellite  sometimes  was  dropped 
from  the  integer  ambiguity  resolution  process.  Unless  this 
satellite  was  dropped,  the  integer  ambiguity  resolution 
would  not  converge.  In  effect,  dropping  a  satellite  lowers 
system  availability  in  that  it  is  somewhat  equivalent  to 
raising  the  mask  angle.  This  could  cause  carrier  phase  to 
lose  some  of  its  advantage  with  respect  to  code  phase  in 
accomodating  higher  DOPS. 

Carrier  phase  continuity.  Based  on  the  Stanford 
University  flight  test,  the  integrity  beacon  (pseudolite 
bubble)  provides  excellent  continuity.  Except  for  a  GPS 
satellite  failure  detected  by  the  system,  over  100 


approaches  were  executed  without  any  interruptions.  The 
apparent  susceptibility  of  the  conventional  on-the-fly 
system  with  respect  to  low  elevation  satellites  may  have 
an  impact  on  continuity  since  if  a  satellite  can  not  be  used 
for  ambiguity  resolution  there  may  not  be  enough 
remaining  satellites  to  provide  for  ambiguity  resolution. 

Pseudolites,  Pseudolites  have  the  potential  to  increase 
availability  by  providing  a  source  of  additional  ranging 
signals.  Although  the  CAT  III  feasibility  program  had 
encouraged  the  use  of  pseudolites  as  extra  ranging  and 
DGPS  data  sources,  only  the  Stanford  University  system 
used  them  as  the  basis  of  their  system.  A  short  fli^t  test 
campaign  employing  the  Stanford  Telecommunications 
(STel)  pseudolite  in  a  data  link  capacity  only  was 
conducted.  This  pseudolite  used  pulsed  transmissions  and 
was  offset  from  LI  by  the  first  null  in  the  power  spectrum 
[15].  Preliminary  results  indicated  that  the  pseudolite 
transmissions,  when  properly  fimctioning,  did  not 
interfere  with  the  utilization  of  the  GPS  constellation 
signals  either  at  the  reference  station  or  the  aircraft. 
Preliminary  results  also  indicated  that  satisfactory 
reception  of  the  pseudolite  transmissions  could  be 
obtained  through  the  use  of  a  top-mounted  aircraft 
antenna.  A  follow-on  flight  test  is  scheduled  for  later  this 
year  which  will  utilize  the  pseudolite  as  both  a  data  link 
and  ranging  source. 


REMAINING  CAT  III  WORK  AREAS 

This  section  discusses  several  of  the  remaining  areas  of 
work  that  need  to  be  completed  before  a  proper 
configuration  for  LADGPS  CAT  III  can  be  chosen. 

Code  versus  carrier.  It  can  be  assumed  that  code  phase 
will  be  used  for  CAT  I  approaches.  With  respect  to  CAT 
II,  the  continual  advance  in  code  accuracy  seems  to 
indicate  that  code  accuracy  will  be  suitable  for  CAT  II 
(1.7  m  [95  percent]).  A  system  based  on  code  phase  also 
is  preferable  for  CAT  III  because  it  is  simpler-one  unit 
covers  all  runway  ends  at  an  airport,  and  tiie  aircraft 
knows  that  it  has  CAT  III  capability  at  the  initial  approach 
fix  rather  than  having  to  wait  until  integer  ambiguities 
have  been  determined.  However,  although  testing 
indicates  that  an  aircraft  can  be  landed  with  sufficient 
accuracy,  it  is  still  not  certain  that  code  accuracy  allows 
enough  margin  for  CAT  III  integrity.  Also,  the  integrity 
requirements  for  the  user  solution  are  very  stringent.  This 
would  not  be  a  problem  for  a  carrier  phase 
implementation  because  it  has  more  than  enough  accuracy 
to  be  able  to  use  RAIM  (e.g.,  the  Stanford  University 
integrity  beacon).  To  solve  the  code  phase  integrity 
problem,  Ohio  University  is  developing  a  method  Aat 
allows  for  both  precision  integrity  monitoring  on  the 
ground  and  in  the  avionics.  The  method  uses  carrier 
phase  data  transmitted  as  part  of  the  DGPS  message  to 
establish  a  reference  trajectory  to  check  the  code  solution. 
In  addition,  ground  monitoring  is  facilitated  through  the 
use  of  a  GPS  signal  generator  to  precisely  synchronize  the 
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reference  and  monitor  receiver  clocks  and  remove 
inherent  biases  due  to  temperature,  etc. 

Optimize  integrity  algorithms.  Although  the  integrity 
algorithms  examined  in  the  CAT  III  feasibility  program 
have  so  far  appeared  to  function  properly,  they  still  need 
to  be  improved  and  subjected  to  more  concentrated  testing 
and  analysis.  Further  testing  is  being  carried  out  by 
NRaD  (Warminster,  PA)  in  their  signal-simulation 
laboratory.  In  the  laboratory,  user  equipment  will  be 
subjected  to  a  variety  of  signal  failure  modes.  Detailed 
analysis  of  the  premises  and  logic  of  integrity  algorithms 
will  be  conducted  by  the  FAA's  GPS  LIP,  which  will 
evaluate  integrity  concepts  with  respect  to  a  fixed  set  of 
evaluation  criteria. 

Evaluate  pseudolites.  More  work  needs  to  done  in  the 
evaluation  of  high-powered  pseudolites  with  respect  to 
providing  additional  ranging  signals  to  enhance  continuity 
and  availability.  The  role  of  a  pseudolite  data  link  will 
also  be  explored  further. 

Benefit/cost  analysis.  A  benefit/cost  (B/C)  analysis  needs 
to  be  performed  to  compare  DGPS  to  a  ground-based 
CAT  III  landing  system.  This  is  necessary  in  order  to 
obtain  funding  for  implementation. 


SUMMARY 

The  FAA’s  Local  Area  Augmentation  System  (LAAS) 
provides  operational  capabilities  that  can  not  be  provided 
by  the  Wide  Area  Augmentation  System  (WAAS).  The 
Category  III  feasibility  program  is  part  of  the  LAAS.  The 
CAT  III  program  has  concentrated  on  demonstrating  that 
local  area  differential  GPS  (LADGPS)  techniques  provide 
the  required  accuracy  and  signal  integrity  for  CAT  III 
automatic  landings.  Over  400  successful  approaches  from 
four  different  developers  were  demonstrated.  For  the  first 
time,  real-time  integrity  monitoring  systems  have  been 
used  and  evaluated  in  landing  operations. 

Figure  3  summarizes  the  accuracy  capabilities  of  the  four 
systems.  The  two  carrier  phase  systems  (E-Systems  and 
Stanford  University)  demonstrated  comparable 
positioning  accuracies  with  errors  that  were  only  a  few 
tenths  of  a  meter.  Most  likely,  the  largest  component  of 
the  error  was  contributed  by  the  laser  tracker  position- 
truth  source.  The  demonstrated  accuracies  shown  in 
Figure  3  for  real-time  carrier  phase  systems  are  better  than 
the  accuracy  provided  by  a  CAT  III  ILS. 

The  vertical  accuracy  of  the  two  code  phase  systems 
(Wilcox  and  Ohio  University)  is  not  as  good  as  the 
vertical-accuracy  requirement  for  CAT  III  ILS,  but  lateral 
accuracy  is  3  to  4  times  better  than  the  ILS  requirement. 
Both  systems  demonstrated  that  they  provide  sufficient 
accuracy  for  consistent  automatic  landings  within  the 
required  ’’touchdown  box”  dimensions  and  keep  an 
aircraft  inside  the  navigation  performance  boundaries. 


With  respect  to  integrity,  no  false  alarms  were  generated 
during  the  flight  tests.  Special  tests  of  one  of  the  code 
phase  (Wilcox)  and  one  of  the  carrier  phase  (E-Systems) 
systems  indicated  that  integrity  alarms  were  properly 
generated  when  a  significant  intentional  error  was 
introduced.  However,  the  integrity  testing  was  limited,  as 
were  the  integrity  methods.  Further  efforts  will  be 
devoted  to  perfecting  and  testing  integrity  methods. 

Since  both  code  phase  and  carrier  phase  appear  as  viable 
alternatives  for  CAT  III,  follow-on  work  will  concentrate 
on  selecting  the  best  technique.  This  effort  will  be  part  of 
the  LAAS  architecture  selection  process. 
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Table  1  CAT  III  Feasibility  Flight  Tests 


Developer 

Location  of  Test/  Host 
Aircraft 

Date  of 

Test 

No.  of 
Approaches 

Evaluation  Criteria 

Wilcox 

FAA  Technical  Center/ 
Boeing  727-200 

FEDEX 

4/95 

100 

TSE 

(Code) 

E-Systems 

NASA  Crows 

Landing/ 

Westwind  II 

6/95 

100 

NSE 

(Carrier) 

Ohio  University 

FAA  Technical 

Center/ 

Boeing  757-200 

UPS 

10/94,2/95 

100 

TSE 

(Code) 

Stanford  University 

NASA  Crows 

Landing/ 

Boeing  737-300 

UA 

10/94 

100 

NSE 

(Carrier) 
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Figure  1.  CAT  III  Feasibility  Program  Schedule 
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Figure  2  Equivalence  of  Two  Methods  of  Measuring  Total  System  Error 
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Figure  3  Summary  of  CAT  III  Feasibility  Flight  Test  Results  (In  Terms  of  |  ^  |  +  2a) 
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ABSTRACT 

There  are  several  potential  sources  of  interference  to  a 
GNSS  (Global  Navigation  Satellite  System)  receiver  in  a 
civil  aviation  application.  These  sources  are  on-board  the 
same  aircraft,  on  nearby  aircraft,  or  are  non-aircraft 
sources,  and  include  in-band  RFI,  out-of-band  RFI,  and 
physical  interference. 

The  paper  presents  an  introduction  to  the  interference 
problem,  discusses  GPS  and  GLONASS  receiver 
interference  susceptibility  including  an  analysis  of 
interference  bandwidth  versus  receiver  susceptibility,  and 
provides  an  overview  of  the  potential  sources  of 
interference  to  GNSS  receivers.  It  presents  a  derivation 
of  the  minimum  receiver  to  interference  source  separation 


distance  during  enroute  and  precision  approach  and  a 
detailed  GNSS  interference  link  analysis. 

INTRODUCTION 

Table  1  lists  the  sources  of  interference  that  have  been 
identified  as  potential  concerns  for  GNSS  receivers  in  the 
civil  aviation  environment. 

In-band  RFI  includes  harmonics,  spurious,  and 
intermodulation  products  falling  in  the  nominal  GPS 
(1565-1586  MHz)  or  GLONASS  (1595-1610  MHz)  band 
segments.  Out-of-band  RFI  includes  powerful  signals 
near  the  nominal  GPS  and  GLONASS  bands  strong 
enough  to  overcome  the  receiver’s  passive  RF  filtering. 
Physical  interference  (not  listed)  includes  multipath, 
shadowing,  terrain  masking,  and  other  interference  caused 
by  the  physical  environment. 

As  shown  in  the  table,  the  potential  interference  sources 
are  numerous.  Many  of  the  interference  sources  can  be 
shown  to  be  of  negligible  concern  after  more  scrutiny. 
SATCOM,  VHF  Harmonics,  and  MSS  remain  as  serious 
interference  concerns,  however  dedicated  efforts  have 
resolved  most  of  the  concerns  for  SATCOM  and  VHF. 

L-Band  Aeronautical  SATCOM  is  a  multi-channel  data 
and  voice  system  in  which  the  aircraft  unit  transmits  up  to 
+25  dBW  EIRP  per  channel  in  the  1626.5-1660.5  MHz 
band.  Its  active  intermodulation  products  are  controlled 
by  frequency  management  and  transmitter  filtering  to 
provide  adequate  protection  for  GPS  receivers  [1].  GPS 
receivers  have  been  specified  to  provide  adequate  out-of- 
band  passive  RF  filtering  to  accommodate  interference 
from  SATCOM  band  emissions.  The  SATCOM-to- 
GLONASS  interference  problem  is  being  actively  worked 
and  potential  solutions  look  promising  as  well,  although 
stringent  out-of-band  filtering  may  be  required  in  the 
GLONASS  receiver. 
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Table  1:  Potential  Sources  of  Interference  to  GNSS 
Receivers 


1  RPI  Source 

Type 

Location  | 

Mobile  Satellite 

In-Band 

Non-A/C 

Services  (MSS) 

Out-of-Band 

VHP  Comm 

In-Band 

Same  A/C 

Harmonics  &  Passive 
Intermod  Products 

Nearby  A/C 

SATCOM  (AMSS) 

In-Band 

Same  A/C 

Out-of-Band 

Nearby  A/C 

ACARS  Harmonics 

In-Band 

Same  A/C, 
Nearby  A/C, 
Non-A/C 

Flight  Telephone 

Out-of-Band 

Same  A/C 

Services 

Nearby  A/C 

DME 

Out-of-Band 

Same  A/C 
Nearby  A/C 
Non-A/C 

HP  Harmonics 

In-Band 

Same  A/C 

Mode  S 

In-Band 

Same  A/C 

Out-of-Band 

Nearby  A/C 
Non-A/C 

Amateur  Radio 

In-Band 

Non-A/C 

PM  Harmonics  and 
Passive  IM 

In-Band 

Non-A/C 

TV  Harmonics 

In-Band 

Non-A/C 

VHF/UHF  Land 

Mobile  Flamionics 

In-Band 

Non-A/C 

VOR  Harmonics 

In-Band 

Non-A/C 

Personal  Electronic 

In-Band 

Same  A/C 

Devices  (PED) 

VHP  is  a  civil  aviation  voice  and  data  air  to  ground  radio 
link  in  the  1 18  to  136  MHz  band.  The  12th  and  13th 
harmonics  of  several  25  kHz  VHP  channels  fall  in-band 
to  GPS  and/or  GLONASS.  VHP  antenna  to  GNSS 
antenna  interference  can  adequately  be  controlled  by 
means  of  in-line  filtering  of  the  VHP  transmitted  signal. 
Shielding  and  proper  installation  provides  GNSS 
receivers  with  adequate  protection  from  VHP  box  to  box 
and  box  to  antenna  emissions.  [1] 

Mobile  Satellite  Service  (MSS)  is  a  new  communications 
link  intended  to  provide  the  equivalent  of  global  cellular 
telephone  service.  Handsets  transmit  voice  or  data  signals 
in  the  1610-1626.5  MHz  band  at  about  0.5  W  to  a 
network  of  low  earth  orbiting  (LEO)  satellites.  They,  in 
turn,  route  the  signal  down  to  other  receiving  handsets  or, 
via  ground  stations,  to  the  standard  telephone  network. 
Handset  emission  spill-over  into  the  adjacent  GNSS  band 
is  a  primary  concern  to  civil  aviation  GPS  and 


GLONASS.  Details  of  the  MSS  interference  problem  are 
presented  in  the  "LINK  ANALYSIS  POR  MSS 
INTERPERENCE  TO  GNSS"  section  later  in  this  paper. 

GPS  RECEIVER  INTERFERENCE 
SUSCEPTIBILITY 

Because  the  minimum  GPS  signal  is  specified  to  be  only 
-130  dBm  (-160  dBW)  [2],  even  very  small  interfering 
signals  can  cause  tracking  failure  of  a  GPS  receiver  trying 
to  receive  that  signal.  The  in-band  interference 
specification  level  proposed  by  RTCA/SC-159  for  the 
Wide  Area  Augmentation  System  (WAAS)  Minimum 
Operational  Performance  Standards  (MOPS)  varies  versus 
the  bandwidth  of  the  interfering  signal,  lowest  for  CW, 
highest  for  wideband  (>40  MHz).  See  figure  2  below. 


Note:  Interference  power  density  will  not  exceed  -1 10.5  dBm/MHz  in 
the  frequency  band  of  LI  ±10  MHz 


Pigure  2:  GPS  In-Band  Interference  Level  Requirements 

This  varying  level  of  interference  rejection  capability  is 
due  to  the  length  (and  therefore  repetition  period)  of  the 
GPS  C/A  codes.  The  gold  code  sequences  are  1  ms  long, 
resulting  in  a  line  spectrum  with  lines  spaced  at  1  kHz 
instead  of  a  continuous  spectrum.  Since  each  discrete 
spectral  line  contains  the  energy  that  would  be  spread 
over  a  kilo-Hertz  of  continuous  spectrum,  the  average 
level  of  the  discrete  lines  is  increased  by  10  log  |q(  1000) 

=  30  dB.  Thus,  instead  of  the  theoretical  spectral  peak 
value  of  10  log  iq(  1.023  x  10^)  =  -60  dB,  the  average 
peak  is  only  about  -30  dB.  Additionally,  the  level  of 
many  of  the  individual  lines  is  higher  than  the  envelope 
of  the  theoretical  continuous  spectrum.  The  exact  level  of 
the  worst  case  spectral  line  varies  from  code  to  code  (SV 
number),  with  the  worst  case  lines  for  the  worst  case 
codes  providing  an  effective  processing  gain  of  less  than 
20  dB  against  CW  interference  signals. 
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IN-BAND  SUSCEPTIBILITY  VS  INTERFERENCE 
BANDWIDTH 


Ryy(T)  =  E{y(t)y(t-T)}  =  E{f(t)g(t)f(t-T)g(t-T)} 
which,  for  independent  f  &  g, 


As  stated  above,  the  susceptibility  of  a  GPS  receiver  to 
interference  varies  depending  on  the  bandwidth  of  the 
interference.  The  correlation  function  of  the  receiver 
spreads  the  incoming  interference  signal  according  to  the 
spectrum  of  the  C/A  code  for  that  particular  SV  number 
while  de-spreading  the  desired  GPS  signal. 

An  analysis  of  interference  susceptibility  vs.  bandwidth 
for  SV  #6  C/A  tracking  was  performed.  The  power 
spectral  density  (PSD)  function  for  the  SV  #6  C/A  code 
sequence  is  shown  in  figure  3.  As  stated  above  it  is  a 
discrete  spectrum  with  1  kHz  spaced  spectral  lines.  SV 
#6  was  picked  since  it  has  the  worst  case  (highest) 
spectral  lines  of  the  C/A  codes. 


=  E{f(t)f(t-T)}E{g(t)g(t-T)} 

Ryy('f)  ”  ^ff(^)’^gg(^) 

SO, 

Syy(f)  =^{Rff(T)-Rgg(T)} 

Syy(f)  =Sff(f)*Sgg(f) 

50  Hz 

Interference 
Signal 


Point  B 


C/A  Code 


PSD  of  CA  Code,  PRN  #6 
-10, - ^ - r 


kHz 

Figure  3:  GPS  C/A  Code  PSD,  PRN  #6 

The  simulation  model  is  shown  in  figure  4.  The  incoming 
interference  signal  is  multiplied  by  the  internal  C/A  code 
to  obtain  the  post-correlation  Power  Spectral  Density 
(PSD)  (Point  A  in  figure  4)  as  shown  in  figures  5  through 
11. 

The  simulation  model  was  actually  implemented  in  the 
frequency  domain  (in  units  Hz)  as  a  convolution  of  two 
PSD’s  followed  by  a  50  Hz  filter.  The  justification  of  this 
approach  is  as  follows: 

let  f(t)  be  the  interference  signal  and  g(t)  be  the  C/A  code 
sequence,  then, 

y(t)  =  f(t).g(t) 

and , 

Syy(f)  ”  ^ {Ryy(^)} 

where  <?{}  represents  the  Fourier  Transform,  so, 


Figure  4:  Interference  Susceptibility  vs.  Interference 
Bandwidth  Simulation  Model 

As  can  be  seen  in  the  figures  the  peak  spectral  line  out  of 
the  multiplier  is  at  a  maximum  for  CW  interference  and 
continues  to  drop  for  wider  interference  bandwidths.  The 
total  interference  power  is  held  constant  throughout  these 
figures  (resulting,  of  course,  in  a  reduced  power  density 
level  as  bandwidth  increases). 

For  a  CW  interferer  the  resulting  power  spectral  density 
function  out  of  the  correlation  multiplier  is  shown  in 

PSD  Out  of  Correlator,  PRN  #6,  CW  Interference 


Figure  5:  PSD  Out  of  Correlation  Multiplier,  PRN  #6, 
CW  Interference 


figure  5.  Its  peak  correlator  spectral  output  of  -18.3  dB 
occurs  at  offsets  of  163  kHz  and  227  kHz.  Thus  a  CW 
interference  signal  striking  the  GPS  antenna  at  a 
frequency  of  LI  ±  163  kHz  or  ±  227  kHz  would  be 
translated  by  means  of  the  correlator  to  land  directly  on 
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the  LI  frequency  (assuming  zero  doppler  and  no 
frequency  standard  offset). 

As  the  bandwidth  of  the  interference  signal  widens,  the 
correlation  function  spreads  the  interference  energy 
across  more  and  more  C/A  code  spectral  lines  and  the 
spectrum  out  of  the  correlator  begins  to  smooth  out. 
Eventually  enough  lines  are  included  inside  the 
interference  bandwidth  to  yield  correlation  processing 
gain  equivalent  to  that  predicted  by  the  continuous  sinc^ 
function.  As  can  be  seen  in  figures  7  and  8  this  has  not 
yet  occurred  at  an  interference  bandwidth  of  100  kHz,  but 
has  occurred  at  an  interference  bandwidth  of  1  MHz, 

PSD  Out  of  Correlator,  PRN  #6,  10  kHz  Interference 
0 

-10 
-20 
g-30 
-40 
-50 


-1000  -500  0  500  1000 
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Figure  6:  PSD  Out  of  Correlation  Multiplier,  PRN  #6,  10 
kHz  Interference 


PSD  Out  of  Correlator,  PRN  #6,  100  kHz  Interference 


Figure  7;  PSD  Out  of  Correlation  Multiplier,  PRN  #6, 
100  kHz  Interference 


PSD  Out  of  Correlator,  PRN  #6,  1  MHz  Interference 


Figure  8:  PSD  Out  of  Correlation  Multiplier,  PRN  #6,  1 
MHz  Interference 

PSD  Out  of  Correlator,  PRN  #6,  4  MHz  Interference 


Figure  9:  PSD  Out  of  Correlation  Multiplier,  PRN  #6,  4 
MHz  Interference 


PSD  Out  of  Correlator,  PRN  #6,  10  MHz  Interference 


Figure  10:  PSD  Out  of  Correlation  Multiplier,  PRN  #6, 
10  MHz  Interference 
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PSD  Out  of  Correlator,  PRN  #6,  40  MHz  Interference 
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Figure  1 1 :  PSD  Out  of  Correlation  Multiplier,  PRN  #6, 
40  MHz  Interference 

The  second  stage  of  the  correlation  function  is  the 
integrate  and  dump  filter  (IDF)  which  is  a  digital 
realization  of  a  low  pass  filter  who's  cutoff  frequency  is  at 
the  GPS  data  rate  of  50  Hz.  Since  the  frequency  response 
of  this  filter  is  a  sine  function  its  noise  equivalent 
bandwidth  is  exactly  1/2  its  first  null  bandwidth  or  25  Hz, 
one  sided.  Thus  an  approximation  of  a  50  Hz,  two-sided, 
"square"  filter  was  used  in  the  model.  The  effect  of  this 
filter  is  to  remove  all  but  the  middle  50  Hz  of  frequency 
components  in  the  PSD  at  point  A,  to  obtain  the  expected 
processing  gain. 

Figure  12  below  shows  a  summation  of  the  processing 
gain  for  SV  #6.  As  can  be  seen,  the  minimum  processing 
gain  (corresponding  to  the  maximum  spectral  point  out  of 
the  correlator)  varies  from  18  dB  for  a  CW  interferer  to 
56  dB  for  a  40  MHz  wideband  interference  source  for  a 
spread  of  38  dB  in  interference  handling  capability.  Note 
that  the  processing  gain  increase  up  through  1  MHz  is  due 
to  increasing  correlation  processing  gain  as  interference 
bandwidth  increases,  peaking  at  43  dB 
(=101og(l,023,000/50)).  Above  1  MHz,  however, 
additional  apparent  processing  gain  is  actually  just  due  to 
the  reduction  in  lo  as  the  bandwidth  of  the  interferer 
increases  (constant  Pin,  where  Pin  =  lo  x  Bandwidth). 
Processing  gain  here  is  defined  as  {total  interference 
power  in}  divided  by  (total  interference  power  out},  of 
the  correlation  ftmetion. 

Note  the  general  agreement  in  curve  shape  between  the 
WAAS  MOPS  requirements  in  figure  2  and  the  available 
processing  gain  shown  in  figure  12.  As  shown  in  figure 
13,  with  the  exception  of  CW  interference,  the  minimum 
post-correlation  signal  to  interference  ratio  for  SV  #6  is 


Processing  Gain  vs.  Interference  BW,  Constant  Pin,  PRN  #6 


Figure  12:  GPS  C/A  Code  Minimum  Processing  Gain  vs. 

Interference  Bandwidth,  PRN  #6 

nearly  constant  vs.  interference  bandwidth,  ranging  only 
from  15  to  16.5  dB.  For  CW  interference  to  SV  #6, 
however,  the  WAAS  MOPS  requirement  leaves  a 
minimum  post-correlation  signal  to  interference  ratio  of 
only  4  dB.  It  should  be  noted,  however,  that  this  low  S/I 
ratio  is  for  the  worst  case  line  of  the  worst  case  C/A  code 
spectrum.  Since  the  probability  of  CW  interference 
coinciding  in  frequency  with  a  large  C/A  code  spectral 
line  is  small,  and  such  coincidence  is  unique  in  frequency 
to  each  SV,  the  problem  for  CW  interference  appears 
worse  in  figure  13  than  it  nominally  is.  Additionally,  the 
worst  case  spectral  line  for  a  typical  SV  is  5-10  dB  lower 
(resulting  in  a  5-10  dB  higher  worst  case  post-correlation 
S/I  ratio).  Further  analysis  is  warranted  on  the  appropriate 
selection  of  the  CW  interference  requirement. 

It  should  also  be  pointed  out  that  the  all  the  interference 
spectrums  used  in  the  analysis  above  are  flat  across  their 
entire  spectrum.  The  proposed  interference  requirements 
for  the  WAAS  MOPS  only  allow  an  interference  level  of - 
1 10.5  dBm/MHz  (-140.5  dBW/MHz)  in  the  "notch" 
bandwidth  of  LI  ±  10  MHz  for  interference  bandwidths 
greater  than  20  MHz.  Even  though  the  total  interference 
power  for  the  notched  cases  remain  at  the  levels  shown  in 
figure  2,  a  noticeable  change  in  post-correlation  S/I 
results.  This  is  because  the  majority  of  interference  power 
into  the  correlator  for  greater  than  20  MHz  interference  is 
outside  LI  ±10  MHz,  while  the  majority  of  the  power  out 
of  the  correlator  is  passed  through  the  middle  few  MHz  of 
the  C/A  spectrum.  Thus  the  high  interference  levels 
outside  of  LI  ±10  MHz  have  negligible  effect  on  post¬ 
correlation  S/I.  Further  anabasis  shows  that  using  the  flat 
40  MHz  interference  spectrum  increases  the  post¬ 
correlation  S/I  ratio  by  4.9  dB  vs.  the  notched  40  MHz 
interference.  The  flat  spectrum  40  MHz  interference  case 
is  shown  by  the  square  marker  in  figure  13. 
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Figure  13:  Worst  Case  Post-Correlation  S/I  Ratio  for 
WAAS  MOPS  Required  Interference  Input,  PRN  #6 


14.  Second,  the  correlation  process  yields  a  processing 
gain  against  the  interference  signal  that  grows  as  the 
frequency  of  the  interferer  is  removed  from  LI .  The  level 
of  processing  gain  follows  the  envelope  of  the  worst  case 
C/A  code  sine-squared  function,  whose  minimum 
processing  gain  is  less  than  20  dB  in  the  main  signal  lobe 
(see  in-band  discussion  above). 

The  out-of-band  interference  affects  a  GPS  receiver  by 
overcoming  the  rejection  capability  of  the  receiver's  RF 
filtering  and  correlator  processing  gain.  When  strong 
enough,  the  interference  saturates  the  RF  front  end  of  the 
receiver  causing  GPS  signal  suppression  and  receiver 
tracking  failure.  The  current  specification  requires  the 
GPS  receiver  to  include  passive  filtering  that  yields 
approximately  90  dB  rejection  at  1525  MHz  and  1626.5 
MHz  (see  Figure  14).  (90  dB  =  128.5  dB  -  inherent 
interference  rejection  capability  of  an  SPS  GPS  receiver 
50  MHz  away  from  LI) 


OUT-OF-BAND  INTERFERENCE 
SUSCEPTIBILITY 

The  out-of-band  interference  specification  level  proposed 
by  RTCA/SC-159  for  the  Wide  Area  Augmentation 
System  (WAAS)  Minimum  Operational  Performance 
Standards  (MOPS)  varies  versus  the  frequency  of  the 
interference  signal  as  shown  in  Figure  14.  For  ease  of  test 
and  analysis  the  interference  is  considered  to  be  CW, 
which  is  the  worst  case  interferer.  The  corresponding 
diagram  for  GLONASS  receivers  is  still  under 
development  and  will  likely  be  much  more  difficult  for  the 
receiver  to  meet. 


Figure  14:  GPS  Out-of-Band  Interference  Level 
Requirements 


An  SPS  GPS  receiver  rejects  out-of-band  interference  two 
ways.  First,  it  heavily  RF  filters  the  received  signal  using 
a  filtering  section  with  a  combined  frequency  response 
similar  to  an  inverted  and  normalized  version  of  Figure 


INTERFERENCE  SOURCE  SEPARATION 

Source  Location  for  Precision  Approach 

During  final  approach  the  minimum  separation  from  an 
interference  source  is  governed  by  several  factors  in 
addition  to  decision  height.  Consider  the  approach 
geometiy  views  in  Figure  15.  The  top  view  (Fig.  15a) 
shows  the  Required  Navigation  Performance  (RNP)  outer 
tunnel  lateral  limits  [3]  overlaid  on  the  final  approach  and 
approach  light  surfaces  [4].  The  ideal  approach  path  is 
the  centerline.  The  vertical  cross-section  view  (Fig.  15b) 
through  the  ideal  glidepath  shows  the  approach  light  and 
final  approach  surface  slopes  in  relation  to  the  RNP  outer 
tunnel  vertical  limits.  Recall  that  the  outer  tunnel  is 
defined  as  that  volume  which  contains  the  extremities  of 
the  aircraft  on  all  but  one  in  lO"^  approaches.  Its  semi¬ 
dimensions  are  5.73  G[  +  aircraft  semi-dimension;  where 
Gj  is  the  vertical  or  lateral  total  system  error  (TSE) 
standard  deviation.  The  inner  tunnel  (not  shown)  is  a 
volume  of  space  around  the  ideal  glidepath  which 
encloses  the  aircraft  navigation  reference  point  with  95% 
probability  (semi-dimension  =2aj) .  The  approach  light 
and  final  approach  surfaces  define  the  upper  limit  of 
ground  obstacles  in  the  vicinity  of  the  approach  path. 

FAA  layout  guidelines  prescribe  that  above-ground 
objects  (other  than  essential  navaids)  are  to  be  outside  the 
runway  object-free  area  [5]  which  extends  at  least  1000' 
beyond  the  runway  threshold  and  400*  either  side  of  the 
runway  centerline. 

An  inspection  of  Figure  15  suggests  the  closest  an 
uncontrolled  ground  based  interference  source  could  get 
to  an  aircraft  on  Category  II/III  approach  is  at  a  point 
directly  under  the  approach  path  just  beyond  the  edge  of 
the  runway  object-free  area  and  just  below  the  50:1 
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approach  light  surface.  Thus  the  source  is  1000'  from  the 
runway  threshold,  2000'  from  the  ideal  touchdown  point 
and  16'  ( {2000-1200}/50 )  above  the  extended  runway 
surface.  At  that  distance  from  touchdown,  the  ideal  3° 
glidepath  is  104.8'  (2000  tan3°)  above  the  runway  surface 
or  just  above  the  100'  Cat  II  decision  height. 


(B)  Cross  Section 
through  B-B' 

,  Outer  Tunnel 


Figure  15:  Views  of  a  Precision  GNSS  Approach 

Mobile  interference  sources  can  commonly  have  easy 
access  on  a  regular  roadway  to  a  point  about  1000'  from  a 
runway  threshold  underneath  the  approach  path.  A 
familiar  example  is  Aviation  Boulevard  near  Los  Angeles 
International  Airport.  It  crosses  under  the  Runway  25L 
Cat  II  approach  path  at  1200’  from  the  runway  threshold 
and  level  with  the  extended  runway  surface. 

The  equivalent  situation  for  a  Category  I  precision 
approach  would  put  the  interference  source  directly  under 
the  200'  decision  height  point  on  the  glide  path  and  just 
beneath  the  50:1  approach  light  surface.  That  point  is 
3816'  from  the  ideal  touchdown  point  and  52'  ({3816- 
1200}/50)  above  the  extended  runway  surface.  Though 
mobile  interference  sources  could  get  closer  to  the  aircraft 
inside  of  the  200'  decision  height  point,  the  aircraft  will  no 
longer  be  on  instrument  approach  and  thus  less  sensitive 
to  upset  by  interference. 


Antenna  Separation  for  Cat  II/III  Precision  Approach 
An  estimate  of  the  height  of  the  aircraft  above  the 
interferer  assumes  that  the  aircraft  deviation  below  the 
ideal  glidepath  is  1.5  times  the  Cat  II  inner  tunnel  semi¬ 
dimension  (3a  TSE).  It  is  also  assumed  that  the  ideal 
glidepath  actually  represents  the  trajectory  of  the  GNSS 
antenna.  This  is  the  case  now  for  ILS/MLS  approaches 
and  it  is  reasonable  to  extend  the  assumption  to  Cat  II  and 
III  GNSS  approaches.  The  RNP  inner  tunnel  lower 
surface  is  15'  below  the  glidepath  at  the  100'  Cat  II 
decision  height  [3].  By  linear  interpolation  the  (2a)  inner 
tunnel  dimension  is  15.8'  at  the  nearby  approach  point 
directly  above  the  interferer  (104.8'  above  the  runway 
extended  surface).  The  estimated  aircraft  height,  H^,  is 
given  by 

EQ  1  Ha  =  Hjdeal  ’  3<JtSE 

Since  Hj^gab^he  ideal  glidepath  height,  is  104.8'  and 
Sotse  23.7',  EQ  1  yields  an  Ha  value  of  81 . 1'. 

From  the  previous  section  the  maximum  interference 
source  height,  Hj,  at  this  point  is  16'.  Therefore  the  Cat  II 
minimum  GNSS  antenna-to-interference  separation,  h,  is 
the  difference  in  heights, 

EQ  2  h  =  Ha  -  Hj  or  h  =  65'  (rounded  to  integer) 

An  estimate  of  minimum  antenna  separation  distance  for 
Cat  III  comes  from  the  High  Intensity  RF  fields  study  [2] 
by  subcommittee  AE4R  of  the  Society  of  Automotive 
Engineers.  They  concluded  in  the  "severe"  environment 
that  a  50'  slant  range  should  be  used  between  an  aircraft 
on  the  ground  and  other  mobile  emitters  within  the  airport 
perimeter.  The  HIRE  study  also  suggests  a  maximum 
enroute  spacing  of  500' 

Antenna  Separation  for  Cat  I  Precision  Approach 
A  similar  aircraft  height  estimate  with  the  3a  TSE  method 
can  be  made  using  Category  I  parameters.  In  that  case  at 
200'  decision  height  the  outer  and  inner  tunnel  vertical 
semi-dimensions  are  110'  and  32',  respectively.  The  value 
for  3ajsE ^  yields  152'  for  H^  (200- 
48).  From  the  source  location  analysis  the  maximum  Cat  I 
source  height  is  52'.  Therefore  for  Cat  I  parameters  EQ  2 
yields  an  antenna  separation,  h,  of  100'  (152-52).  The 
same  method  for  the  non-precision  approach  case  also 
yields  about  100'. 

LINK  ANALYSIS  FOR  MSS  INTERFERENCE  TO 
GNSS 

GNSS  Signal  and  Interference  Propagation  Parameters 
A  determination  of  the  interference  effects  on  an  airborne 
GNSS  receiver  requires  values  for  the  emitter  power  and 
antenna  directivity,  the  separation  range,  the  navigation 
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antenna  directional  performance,  and  the  receiver 
sensitivity  and  susceptibility  factors.  Minimum  satellite 
signals  are  -161  dBW  for  GLONASS  and  WAAS  and 
160  dBW  for  GPS  at  the  output  of  a  lossless  isotropic 
circular  polarized  antenna.  These  values  are  modified  by 
the  gain  factor  for  the  actual  GNSS  antenna.  The  analysis 
reference  point  is  the  GNSS  antenna  terminals. 

The  simplest  and  most  straightforward  method  to  describe 
the  interference  source  emission  is  with  the  maximum 
spurious  effective  isotropic  radiated  power  (EIRP)  value 
in  the  GNSS  fi*equency  band.  EIRP  is  the  product  of 
transmitter  power  and  transmit  antenna  gain.  The  MSS 
mobile  earth  terminal  (MET)  spurious  EIRP  requirement 
near  the  GPS  LI  fi*equency  is  -70  dBW/MHz  broadband 
and  -80  dBW  narrowband  emission  [7].  The  GLONASS 
band  spurious  broadband  EIRP  requirement  is  currently 
under  discussion  in  RTCA  SC-159  Working  Group  6. 
Values  range  from  -70  to  -50  dBW/MHz  (-130  to  -1 10 
dBW/Hz).  For  the  purpose  of  this  analysis  it  is  assumed 
that  the  MSS  MET  maximum  EIRP  is  in  the  direction  to 
the  GNSS  antenna.  The  assumption  is  reasonable 
because,  in  general,  the  MSS  MET  emission  is  likely  to  be 
directed  upward  in  a  broad,  low  gain,  cardioid-like 
antenna  pattern  and  the  GNSS-equipped  aircraft  will  be 
above  the  MET. 

Free  space  line-of-sight  propagation  between  the  MSS 
MET  and  the  GNSS  antenna  is  a  good  representation  of 
the  actual  interference  encounter.  Runway  approach  paths 
are  relatively  free  of  tall  obstacles  in  the  vicinity  of  the 
final  approach  area  so  foliage  attenuation  or  diffraction 
should  be  negligible.  Multipath  fading  of  the  interference 
signal,  if  it  takes  place,  should  not  affect  the  average 
received  interference  power.  Excess  path  attenuation 
from  rain  or  other  absorption  mechanisms  are  negligible  at 
L-Band.  Thus  the  sole  factor  controlling  propagation  loss 
in  the  analysis  is  the  line-of-sight  distance  (slant  range) 
between  the  MET  and  GNSS  antenna.  Slant  range 
minimum  values  have  been  determined  from  aircraft 
navigation  requirements  and  airport  approach  layout 
constraints.  They  are  500  feet  (enroute),  100  feet  (non¬ 
precision  approach  and  Cat  I),  and  50  feet  (Cat  II  /  III). 

See  "Interference  Source  Separation"  section  above. 


Navigation  Antenna  Parameters 
The  GNSS  receive  antenna  pattern  controls  both  signal 
and  interference  levels.  The  ARINC  743 A  and  GPS  / 
WAAS  antenna  MOPS  specifications  require  a  minimum 
signal  gain  of  -4.5  dBic  at  +5  degrees  elevation.  This 
value  represents  a  reasonable  limit  based  on  actual 
antenna  measurements.  The  gain  for  interference  signals 
arriving  from  below  the  horizon  (negative  elevation 
angles)  is  unspecified,  however,  and  subject  to  significant 
influence  from  the  aircraft  fiiselage  and  wing  structures. 

Very  little  measured  antenna  pattern  data  for  aircraft 
installations  is  available  in  the  open  literature.  One 
published  report  by  Owens  [8],  however,  gives  relative 
pattern  data  on  a  B  AC  1-1 1  (about  the  size  of  a  Boeing 
737-200  with  rear  fuselage-mounted  engines  like  a  DC-9). 
The  pattern  has  good  upper  hemisphere  coverage,  but  high 
gain  sidelobes  centered  at  -60  degrees  elevation  ahead  and 
either  side  of  the  fuselage.  These  sidelobes  have 
approximately  the  same  gain  as  that  for  the  minimum 
elevation  satellite  (0  dB  rel.  gain)  and  substantial  angular 
extent.  Comparison  to  the  peak  upward  gain  shows  that 
aircraft  structure  diffraction  has  limited  the  installed 
GNSS  antenna  to  about  a  10  dB  minimum  front-to-back 
gain  ratio.  This  result  is  representative  of  at  least  mid¬ 
sized  air  transport  aircraft. 

The  angular  direction  for  the  strongest  sidelobe  will,  in 
general,  be  different  on  different  aircraft  depending  on 
structure  diffraction  details.  However,  it  can  be  generally 
assumed  that  the  sidelobe  will  be  in  a  sufficiently 
downward  direction  to  offer  a  relatively  short  path  length 
to  ground-based  interference.  In  the  BAC 1-11  example, 
the  path  length  to  the  ground  in  the  maximum  sidelobe 
direction  is  15%  (1.2  dB)  longer  than  to  a  ground  point 
directly  below  the  aircraft,  but  the  antenna  gain  in  the 
sidelobe  is  higher  by  about  10  dB,  Given  the  pattern 
complexities  of  actual  aircraft  and  the  need  to  establish  a 
reasonable  bound  on  side-  and  backlobe  gain,  a 
conservative  assumption  for  the  GNSS  interference 
analysis  is  that  minimum  elevation  satellite  and 
interference  gains  are  equal  (-4.5  dB)  for  Cat  I  with 
minimal  allowance  for  Cat  II/III.  Cat  II/III  may  need 
improved  antenna  installation  for  link  margin 
considerations.  By  the  same  reasoning  no  polarization 
mismatch  loss  is  assumed. 

GNSS  Receiver  Parameters 

The  receiver  factors  affecting  GNSS  system  performance 
are  the  system  noise  temperature,  the  pre-correlator 
implementation  loss  and  the  receiver  carrier-to-total  noise 
density  ratio  required  for  proper  output  quality.  The  noise 
power  spectral  density  at  the  antenna  terminals  is 

EQ3  No  =  kTs 
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where  Tg  is  the  total  system  noise  temperature  (sum  of 
sky  noise  and  receiver  system  noise)  and  k  is  Boltzmann’s 
constant  (1.38  x  lO"^^  W/Hz/K).  For  this  analysis  Nq  has 
been  set  at  is  -201.5  dBW/Hz,  which  corresponds  to  a  Tg 
value  of  512.8  K.  A  sky  noise  allocation  of  100  K  is 
reasonable  given  that  the  antenna  pattern  coverage  for 
low  elevation  satellites  necessary  for  good  navigation 
performance  also  allows  in  some  warm  earth  blackbody 
radiation.  A  412.8  K  receiver  requires  a  good  noise 
figure  (3.8  dB)  and  a  low  loss  installation. 

The  pre-correlator  implementation  loss,  Ljjjip,  takes  into 
account  such  effects  as  imperfections  in  the  kF/IF 
transfer  function,  the  non-ideal  A/D  converter  factor,  and 
non-ideal  satellite  signal  loss.  RF/IF  hardware  transfer 
function  loss  is  typically  around  0.5  dB  and  includes  such 
things  as  filter  dispersion,  local  oscillator  phase  noise,  and 
AGC  setpoint  inaccuracies.  Quantization  loss  in  the  A/D 
converter  ranges  from  2  dB  for  a  1-bit  converter  to  less 
the  0.5  dB  for  multi-bit  converters.  Non-ideal  satellite 
signal  loss  is  0.6  dB  maximum  for  GPS  and  GLONASS 
and  1  dB  for  WAAS.  Implementation  loss  values  range 
from  about  1  to  3  dB.  Values  below  about  2  dB  are 
considerably  more  expensive  to  achieve  with 
manufacturing  margins;  this  analysis  will  use  2.5  dB. 

Several  post-correlator  implementation  parameters  are 
factored  into  the  relation  between  the  receiver  carrier-to- 
total  noise  density  ratio,  C/N^q^  » appropriate 
navigation  system  performance  probability.  Details  of  the 
relation  will  not  be  discussed  here.  The  system 
performance  parameter  driving  WAAS  reception  is  a 
word  error  rate  of  10“^  per  second.  A  carrier-smoothed 
code-tracking  receiver  can  achieve  the  10"^  rate  with  a 
C/Ntot  value  of  30  dB-Hz.  The  driving  requirement  for 
Cat  I  GPS  or  GLONASS  reception  is  a  pseudo-range 
measurement  standard  deviation  of  0.7  meters.  A  carrier- 
smoothed  code-tracking  receiver  can  achieve  0.7  m 
standard  deviation  at  a  C/N^ot  value  of  30  dB-Hz.  A 
GLONASS  receiver  tracking  loop  parameters  can  be 
adjusted  to  compensate  for  its  longer  chip  length  and 
achieve  equal  pseudo-range  performance  to  GPS. 

Cat  I  Link  Analysis  with  MSS  Interference 
In  the  link  analysis  the  derived  value  of  C/N^q^  (CNIR)  is 
compared  with  the  computed  value  of  its  defining 
equation,  C/(Nq+Iq);  where  C  is  the  signal  carrier  power, 
and  Nq  and  Iq  are  the  thermal  noise  and  interference 
densities,  respectively,  at  the  antenna  terminals.  The 
interference  density  is  calculated  with  the  free-space 
propagation  equation  given  the  specified  interference 
source  emission  and  the  other  propagation  parameters. 

The  carrier  power,  C  (in  dBW) ,  at  the  antenna  terminals 
is  given  by 


EQ  4  C  —  10*log  (S  *  Gg  /  L|]^p); 

where  S  is  the  minimum  satellite  signal  level  (in  Watts) 
for  either  GPS,  WAAS,  or  GLONASS  referenced  to  an 
isotropic  circular  antenna.  The  other  parameters,  Gg  and 
Limp  (previously  defined)  are  in  power  ratio  terms. 

The  free-space  path  loss  (in  dB)  from  the  interference 
source  is  given  by 

EQ  5  PathLoss  =  20*log{299.8  /Freq  /(4*pi*Range)}; 

where  ”Freq”  is  the  signal  frequency  (in  MHz)  and 
’’Range”  is  the  antenna  separation  (in  meters).  The 
broadband  interference  density  at  the  antenna  terminals 
(in  dBW/Hz)  is  given  by 

EQ  6  I^bb  =  EIRPbb  -  PathLoss  +  InterfcAntGain  ; 

where  "EIRPbb”  is  the  maximum  broadband  spurious 
emission  at  the  MSS  MET  (in  dBW/Hz).  Similarly  the 
equivalent  narrowband  interference  density  at  the  antenna 
terminals  (in  dBW/Hz)  is  given  by 

EQ  7  I^nb  =  EIRPnb  -  PathLoss  +  InterfcAntGain  - 
InterfcGBnb; 

where  "EIRPnb”  is  the  maximum  narrowband  spurious 
emission  at  the  MSS  MET  (in  dBW)  and  "InterfcGBnb” 
is  the  narrowband  spreading  factor.  This  factor  quantifies 
the  correlator  spreading  of  the  CW  interference  signal 
into  an  equivalent  power  density  value.  For  the  GPS  and 
GLONASS  pseudo-random  codes  it  is  typically  less  than 
the  ideal  10*log(chip  rate)  value  due  to  finite  code 
lengths  and  other  code  imperfections  (cf.  "In-Band 
Susceptibility”  sect.).  Because  of  the  maximal  length 
nature  of  the  GLONASS  code  compared  to  the  GPS  Gold 
codes,  the  GLONASS  code  has  a  higher  spreading  factor 
than  GPS  even  though  its  chip  rate  is  half  the  GPS  rate. 

The  C/(Nq-Hq)  values  for  broad-  and  narrowband 
interference  in  logarithmic  terms  are 

EQ  8  CNIRbb  =  -10*log{ io(No-CyiO+io(Iobb-C)/10} 

EQ  9  CNIRnb  =  -10*iog{lo(No-CyiO+io(Ionb-C)/10j 

These  values  are  compared  with  the  derived  C/N^q^ 
requirements  (Req  CNIR)  for  a  measure  of  link  margin. 

The  Cat  I  link  summary  (Table  2)  shows  the  WAAS  link 
has  essentially  0  dB  margin  for  the  specified  broad-  and 
narrowband  MSS  MET  emission  levels  at  the  100’  (30.48 
m)  separation  distance.  The  GLONASS  link  results  show 
large  negative  margin  for  the  -1 10  dBW/Hz  broadband 
interference  level  at  100'.  Though  not  shown  the 
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GLONASS  link  does  not  close  even  at  500'  en-route 
separation.  If  the  - 1 30  dB  W/Hz  proposed  limit  were 
used,  the  GLONASS  Cat  I  link  would  also  close  with  0 
dB  margin.  Because  of  a  1  dB  larger  minimum  satellite 
signal  the  Cat  I  GPS  link  (Table  3)  has  1  dB  margin  at 
100'.  The  calculations  assume  that  the  EIRP  levels  are 
maintained  to  a  sufficiently  large  frequency  separation 
from  the  receive  center  frequency  (approx.  ±10  MHz  for 
GPS,  WAAS,  ±5  MHz  for  GLONASS)  to  avoid  excess 
noise  in  the  correlator  sidelobes. 


Table  2:  Category  I  Link  Budget  Summary 


Parameter 

Units 

WAAS 

(jLON 

Freq 

MHz 

I575.4i 

1604.25 

Sat  Sig  Pwr 

dBW 

-161.00 

-161.00 

Sat  Ant  Gain 

dB 

O 

1 

-4.50 

Impl.  Loss 

dB 

2.50 

2.50 

C  (ant  term)  Eq5 

dBW 

-168.00 

-168.00 

No  (ant  term) 

dBW/Hz 

-201.50 

-201.50 

Interfc  EIRP  bb 

dBW/Hz 

-130.00 

-110.00 

Interfc  EIRP  nb 

dBW 

-80.00 

-80.00 

Range 

meters 

30.48 

30.48 

Path  Loss  Eq6 

dB 

66.08 

66.23 

Interfc  Ant  Gain 

dB 

-4.50 

-4.50 

Interfc  G*B  nb 

dB-Hz 

50.10 

52.10 

Io(ant  term)  bb  Eq7 

dBW/Hz 

-200.58 

-180.73 

Io(ant  term)  nb  Eq8 

dBW/Hz 

-200.68 

-202.83 

CNIR  bb  Eq9 

dB-Hz 

30.00 

12.70 

CNIRnb  EqlO 

dB-Hz 

30.06 

31.11 

Req  CNIR 

dB-Hz 

30.00# 

30.00  * 

#  requirement  derived  from  WER  =  10"^ 


In  an  actual  interference  encounter  C/N^ot  is  time- varying 
due  to  GNSS  platform  relative  motion.  It  dips  briefly 
(approx.  0.5  sec)  to  the  tabulated  value  at  the  minimum 
path  loss  point  from  a  higher  baseline  (large  path  loss  to 
interference)  and  then  returns  to  the  baseline.  This 
transient  C/N^q^  dip  is  long  enough  to  impact  the  receiver 
tracking  loops  and  is  therefore  treated  as  a  quasi-steady 
state  phenomenon  in  this  analysis. 

Cat  II/III  Link  Analysis 

A  comparison  of  the  GPS  link  performance  (Table  3)  for 
the  Cat  I  vs.  Cat  II/III  cases  shows  that  about  5  dB  of 
improvement  in  the  receiver  system-related  parameters  is 
needed.  This  is  to  overcome  the  reduced  source 
separation  of  50'  (15.2  m)  for  Cat  II/III  with  the  same 
spurious  EIRP  limits.  The  set  of  modified  Cat  II/III 
system  parameters  in  the  calculation  (IdB  less  Impl.  Loss, 
3  dB  less  Interfc.  Ant.  Gain,  1  dB  less  CNIR)  is  only  one 
of  many  workable  combinations.  Though  no  C/N^q^ 


requirement  is  listed  for  the  Cat  II/III  link,  Cat  III  flight 
test  data  and  analysis  suggest  that  a  carrier  smoothed 
narrow-correlator  receiver  with  suitable  processing  can 
meet  the  0.1  m  la  pseudo-range  jitter  needed  for  overall 
accuracy  at  the  30  dB  C/N^q^.  Further  study  of 
appropriate  interference  link  budget  allocations  for  Cat 
II/III  approach  is  needed. 


Table  3:  GPS  Link  Budget  Comparison 


Units 

Freq 

MHz 

1575.42 

1575.42 

Sat  Sig  Pwr 

dBW 

Sat  Ant  Gain 

dB 

dB 

■SI; 

dBW/Hz 

-201.50 

-201.50 

Interfc  EIRP  bb 

dBW/Hz 

-130.00 

-130.00 

Interfc  EIRP  nb 

jmm 

Range 

meters 

30.48 

dB 

66.08 

60.06 

Interfc  Ant  Gain 

Interfc  G*B  nb 

Iggyi 

-197.56  1 

mm 

mm 

CNIR  bb  Eq9 

dB-Hz 

ggggn 

CNIRnb  EqlO 

dB-Hz 

Req  CNIR 

msssm 

♦requirement  derived  from  pseudo-range  a  =  0.7  m 
CONCLUSIONS 

The  primary  in-band  interference  sources  of  concern  to  a 
GNSS  receiver  are  VHF  communications  radio 
harmonics,  Mobile  Satellite  Services  (MSS) 
transmissions,  and  SATCOM  (AMSS)  intermodulation 
products.  SATCOM  is  also  a  potential  out-of-band 
interference  source  for  GNSS.  MSS  remains  as  the  single 
biggest  interference  concern  to  GNSS. 

GNSS  receiver  interference  susceptibility  varies  as  much 
as  25  dB  versus  the  bandwidth  of  the  interference  from 
CW  up  through  1  MHz  broadband  interference  due  to  the 
discrete  nature  of  the  C/A  code  spectrum. 

Precision  approach  geometries  allow  the  GNSS  antenna 
to  be  very  close  to  a  potential  interference  source:  as 
close  as  50  feet  for  Cat  II/III  and  100  feet  for  Cat  I. 

The  GNSS  receiver  susceptibility ,  combined  with 
conservatively  estimated  approach  geometries  yield  a 
GPS/WAAS  receiver  link  budget  with  MSS  interference 
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having  minimal  margin  during  Cat  I  approach.  The 
GLONASS  Cat.  I  receiver  link  budget  has  -20  dB  margin 
for  MSS  interference  at  maximum  proposed  levels.  The 
GPS  Cat.  Ill  receiver  link  budget  can  reasonably  be 
expected  to  close  with  an  additional  5  dB  improvement  in 
system  parameters. 
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ABSTRACT 

During  an  autoland  flight  test  of  Stanford’s  Integrity 
Beacon  Landing  System  in  October  1994,  one  approach 
was  aborted  before  landing  due  to  a  temporary  satellite 
outage.  Analysis  showed  that  both  the  aircraft  and 
ground  reference  GPS  receivers  lost  lock  on  one  satellite 
for  six  seconds.  In  subsequent  weeks,  we  observed  simi¬ 
lar  outages  on  most  of  the  Block  II  satellites.  Analysis  of 
this  data  did  not  indicate  a  cause  for  these  outages. 

According  to  the  satellite  operators,  this  is  a  generic 
spacecraft  problem.  Command  uplinks  to  Block  II  (but 
not  IIA)  satellites  occasionally  cause  a  conflict  in  the 
spacecraft  computer.  A  conflict  causes  the  spacecraft  to 
emit  a  non-standard  PRN  code  during  one  navigation  data 
subframe  (six  seconds).  These  conflicts  occur  roughly 
0.3  times  per  satellite  per  day.  A  simple  Monte  Carlo 
analysis  shows  that,  in  the  worst  case,  this  phenomenon 
could  reduce  availability  of  GPS  precision  landing 
systems  by  a  factor  of  ten. 

This  type  of  outage  is  not  described  in  the  standard 
literature  on  GPS  spacecraft  reliability,  nor  is  it  monitored 
by  the  FAA’s  Performance  Analysis  Network  (PAN). 
The  FAA  has  recently  contracted  to  upgrade  PAN  to 
continuously  monitor  spacecraft  signals.  As  a  result, 
accurate  data  on  spacecraft  signal  continuity  will  soon  be 
available  to  researchers. 

THE  QUESTION 

During  October  1994,  Stanford  University  conducted  a 
flight  test  of  its  Integrity  Beacon  Landing  System  (IBLS). 
Conducted  in  cooperation  with  United  Airlines  and  the 
Federal  Aviation  Administration  (FAA),  the  test  involved 
navigating  a  Boeing  737  airliner  down  a  precision 
approach  to  a  fully  automatic  landing.  The  object  of  the 
test  was  to  confirm  that  GPS-based  systems  are  capable  of 
providing  the  navigation  accuracy  and  integrity  needed  to 
land  aircraft  even  in  the  worst  weather  conditions. 

The  test  was  a  complete  success,  resulting  in  110 
successful  automatic  landings  [1].  One  landing  approach 
was  aborted  due  to  a  brief  loss  of  signal  from  one  GPS 
satellite,  as  described  below.  That  one  abort  attracted  our 


interest  because  it  spoiled  an  otherwise  perfect  record. 
We  carried  out  an  extensive  postflight  analysis  to  trace 
the  cause  of  this  signal  loss. 

At  the  time,  the  IBLS  system  used  a  six-channel  GPS 
receiver.  Two  channels  are  required  to  track  the  Integrity 
Beacon  pseudolites  on  the  ground,  leaving  only  the 
necessary  minimum  of  four  channels  to  track  GPS 
satellites.  If  the  receiver  lost  lock  on  even  one  satellite, 
the  system  would  be  required  to  abort  the  approach.  (The 
current  version  of  IBLS  uses  a  nine-channel  GPS  receiver 
and  would  not  cause  an  abort  in  this  situation.)  To  avoid 
this  possibility,  we  carefully  selected  a  set  of  healthy 
high-elevation  satellites  before  each  approach. 

Our  postflight  analysis  showed  that  both  our  airborne  and 
ground  reference  receivers  had  simultaneously  lost  lock 
on  spacecraft  (PRN)  17.  Six  seconds  later,  both  receivers 
simultaneously  regained  lock  on  the  signal  from  that 
spacecraft.  No  other  satellite  signals  were  affected  on 
either  receiver.  We  performed  tests  for  several  days  at  the 
same  sidereal  time  (constellation  configuration)  and  this 
phenomenon  did  not  recur.  This  made  us  suspect  a  one¬ 
time  satellite  signal  failure,  as  our  alternative  explanations 
(a  common  receiver  failure  mode  or  a  precise  burst  of 
interference)  seemed  highly  improbable. 

The  Navigation  Information  Service  (NIS)  operated  by 
the  US  Coast  Guard  is  the  designated  point  of  contact  for 
civilian  questions  about  the  GPS  system.  We  called  the 
NIS,  explained  the  situation  to  the  watchstander,  and 
asked  whether  anything  had  happened  to  PRN  17  at  the 
instant  we  lost  its  signal. 

The  Coast  Guard  watchstander  called  the  2nd  Space 
Operations  Squadron  (2SOS)  at  Falcon  Air  Force  Base, 
Colorado,  2SOS  controls  the  satellite  constellation,  but 
only  military  users  can  contact  them  directly.  The 
watchstander  reported  back  to  us  that  2SOS  had  been 
sending  commands  to  that  spacecraft  at  the  time  the  glitch 
occurred  and  that  2SOS  had  also  seen  the  glitch.  The 
watchstander  added  that  2SOS  had  given  him  the 
impression  that  such  glitches  were  not  uncommon, 
although  he  himself  had  never  heard  of  them  before. 
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Unable  to  get  a  better  explanation,  we  fell  back  on  our 
own  resources.  We  set  up  a  GPS  receiver  in  our  lab  to 
monitor  the  constellation  continuously  and  report  any 
glitches.  We  duplicated  the  experiment  in  another  lab 
using  a  different  receiver  with  a  different  internal 
architecture,  to  eliminate  the  possibility  that  we  were 
seeing  some  kind  of  internal  receiver  error.  After  two 
weeks  of  taking  data,  we  had  observed  a  total  of  eleven 
glitches  similar  to  the  one  which  caused  our  landing 
abort.  Each  glitch  occurred  simultaneously  on  both 
receivers.  The  only  common  thread  we  could  detect  was 
that  we  observed  glitches  on  Block  II  spacecraft  only,  not 
on  Block  I  or  on  Block  IIA. 

As  we  collected  and  analyzed  the  data,  it  became  clear 
that  we  had  discovered  some  sort  of  generic  spacecraft 
problem  which  was  not  reflected  in  the  literature  on 
spacecraft  failure  modes  and  failure  rates.  This  presented 
us  with  a  dilemma.  Members  of  our  group  were 
analyzing  the  ability  of  various  air  navigation  system 
designs  to  meet  specified  Required  Navigation 
Performance  (RNP)  parameters,  including  system 
availability  and  continuity.  The  analysis  was  based  on  the 
published  failure  models,  but  we  now  had  data  showing 
that  those  models  were  incomplete. 

To  resolve  this  dilemma,  we  decided  to  contact  2SOS 
directly.  We  outlined  our  observations,  our  concerns,  and 
our  need  for  accurate  failure  models  in  a  letter  requesting 
a  better  description  of  this  phenomenon.  To  their  credit, 
2SOS  responded  very  quickly  with  a  full  explanation. 

THE  ANSWER 

Each  GPS  spacecraft  continually  broadcasts  its  own 
ephemeris  and  other  data  to  user  receivers.  Current 
spacecraft  are  not  capable  of  generating  this  data  on  their 
own.  Instead,  the  data  is  read  in  realtime  from  a  buffer 
memory  on  board  the  spacecraft,  which  the  satellite 
operators  must  periodically  refill  with  new  data.  This 
refilling  process  is  called  a  “navigation  data  upload.” 
Each  satellite  is  refilled  about  once  a  day,  on  the  average. 
Due  to  the  amount  of  data  involved,  each  upload  takes 
about  ten  minutes  to  complete. 

During  the  upload,  one  part  of  the  spacecraft  computer 
program  is  writing  to  the  buffer  memory,  while  another 
part  of  the  program  is  reading  broadcast  information  from 
that  same  memory.  On  the  Block  II  spacecraft,  it  seems 
that  these  two  processes  occasionally  conflict,  and  the 
broadcast  data  for  one  navigation  data  subframe  does  not 
reach  the  navigation  signal  transmitter  in  time.  The 
transmitter  shifts  to  a  non-standard  C/A  code  for  the 
duration  of  that  subframe,  as  it  is  designed  to  do 


whenever  its  broadcast  data  is  invalid.  This  non-standard 
C/A  code  is  intended  to  be  “invisible”  to  user  receivers; 
the  receiver  sees  this  event  as  a  loss  of  signal  from  that 
satellite.  The  loss  of  signal  lasts  for  one  subframe,  or  six 
seconds. 

The  characteristics  of  the  glitch  we  saw  match  this 
explanation  perfectly.  Unfortunately,  the  precise  cause  of 
this  conflict  is  unknown,  and  there  appears  to  be  no 
feasible  workaround  to  prevent  it.  It  does  not  happen 
during  every  upload.  Statistics  collected  by  2SOS  show 
that  the  frequency  of  occurrence  is  roughly  0.3  glitches 
per  spacecraft  per  day.  Because  the  current  constellation 
contains  nine  Block  II  spacecraft,  we  would  expect  to  see 
about  three  glitches  per  day  in  the  constellation. 
(According  to  2SOS,  a  similar  glitch  was  seen  one  time 
on  one  Block  IIA  satellite.  Future  satellites  are  not 
expected  to  exhibit  this  problem.) 

The  glitches  are  not  uniformly  distributed.  According  to 
2SOS,  most  uploads  are  performed  during  the  second 
shift  (2200  to  0600  UTC)  to  satellites  in  view  of  the 
control  station  in  Colorado.  This  is  done  for  reasons  of 
operational  convenience  rather  than  necessity,  however, 
and  the  procedure  may  change  at  any  time. 

THE  IMPACT 

Of  all  GPS  applications,  precision  landing  is  perhaps  the 
one  which  can  least  easily  tolerate  short  signal  outages. 
Most  applications  can  “ride  out”  a  six-second  navigation 
outage.  However,  precision  landing  systems  are  required 
to  annunciate  a  navigation  failure  within  one  or  two 
seconds,  and  automatic  landing  systems  must  abort  the 
approach  after  a  navigation  failure. 

To  gauge  the  impact  of  this  satellite  signal  failure  mode 
on  our  ongoing  analyses,  we  performed  a  simple  Monte 
Carlo  study  of  landing  system  availability  with  and 
without  this  glitch.  For  20,000  random  trials,  the  study 
considered  whether  at  least  four  satellites  (the  minimum 
required  for  navigation)  were  visible  above  a  7.5  degree 
elevation  mask  angle  at  one  of  nine  Category  III  airports 
worldwide.  Because  a  precision  landing  system  could  not 
tolerate  the  Block  II  uplink  glitch  with  only  four  satellites 
available,  we  flagged  those  cases  for  separate  treatment. 
The  study  introduced  spacecraft  failures  at  appropriate 
rates  using  the  satellite  availability  model  published  by 
Phlong  and  Elrod  [2]. 

The  study  showed  that  the  availability  of  GPS  for 
precision  landing,  without  considering  the  Block  II  uplink 
glitch,  was  99.965  percent.  Removing  the  cases  where 
only  four  satellites  were  available,  and  at  least  one  of 
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them  was  a  Block  II  satellite,  the  availability  of  GPS 
navigation  fell  to  99.34  percent,  over  ten  times  worse. 
This  difference  illustrates  the  impact  that  incomplete 
spacecraft  failure  models  can  have  on  system  analyses. 

This  study  shows  a  relative  difference  between  two  sets 
of  assumptions,  but  it  should  not  be  considered  as  a  guide 
to  absolute  levels  of  GPS  availability.  The  study 
considered  a  relatively  small  number  of  cases,  and  it  did 
not  address  augmentation  methods  such  as  pseudolites  or 
geostationary  satellites.  Nevertheless,  it  does  show  the 
need  for  more  accurate  models. 

THE  IMPLICATIONS 

The  discovery  of  these  glitches  was  a  surprise  to  us  and  to 
most  of  our  fellow  researchers.  The  second  surprise  was 
that  the  glitches  were  no  surprise  to  the  satellites’  builders 
and  operators.  Every  time  a  spacecraft  shifts  to  non¬ 
standard  code,  it  sends  a  message  to  the  control  center. 
This  uplink  glitch  was  even  seen  in  prelaunch  testing  of 
the  Block  II  spacecraft.  Nevertheless,  we  have  not  seen  it 
mentioned  in  the  literature.  No  one  tried  to  cover  up  the 
problem;  rather,  those  who  knew  about  it  seemed  to 
believe  no  one  else  would  be  interested. 

We  have  illustrated  above  the  importance  to  researchers 
of  accurate  models  of  spacecraft  behavior.  The  fact  that 
this  glitch  was  unknown  to  the  research  community  for  so 
long  begs  an  important  question:  Are  there  other 
spacecraft  anomalies  with  similar  impact  which  remain 
unknown  today?  If  so,  tomorrow’s  systems  may  not 
perform  as  well  in  the  real  world  as  today’s  analyses 
predict. 

Fortunately,  the  Federal  Aviation  Administration  (FAA) 
has  just  begun  a  program  which  will  help  answer  that 
question.  This  is  the  Performance  Analysis  Network 
(PAN),  which  is  operated  under  contract  by  Overlook 
Technologies.  The  PAN  monitors  the  signals  of  the  GPS 
constellation  from  three  locations  within  the  United 
States,  and  logs  any  deviations  from  the  Standard 
Positioning  Service  specification.  The  PAN  has  actually 
been  in  operation  since  1993,  but  the  data  collected  to 
date  has  generally  been  too  sparse  to  provide  accurate 
signal  continuity  models  [3]. 

Last  spring,  the  FAA  modified  the  PAN  contract  to 
support  development  of  the  Wide  Area  Augmentation 
System  (WAAS).  One  of  the  new  provisions  requires  the 
PAN  to  collect  availability,  continuity,  and  accuracy  data 


at  a  once-per-second  rate  on  all  spacecraft  in  view  of  each 
monitor  station.  The  PAN  will  not  begin  operating  in  this 
mode  until  late  1995,  and  it  will  take  some  time  after  that 
to  collect  enough  data  to  develop  accurate  statistics. 
However,  it  will  not  be  too  long  before  models  of 
spacecraft  performance  based  on  actual  data,  rather  than 
predictions,  become  available  to  the  research  community. 
This  should  help  quell  the  fear  that  our  spacecraft  models 
may  not  reflect  reality. 

THE  MESSAGE 

The  purpose  of  this  paper  is  to  document  this  particular 
satellite  signal  failure  mode  in  the  literature.  Analysis  of 
highly  demanding  navigation  applications,  such  as 
precision  landing,  must  incorporate  all  known  failure 
modes  and  rates,  else  they  may  lead  to  inaccurate 
conclusions.  The  PAN  is  about  to  start  collecting  signal 
continuity  data  from  actual  experience.  We  expect  that 
PAN  data  will  serve  as  an  accurate  baseline  for  future 
analyses. 
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ABSTRACT 

Since  few  years,  the  so-called  WADGPS  (Wide  Area 
DGPS)  and  LADGPS  (Local  Area  DGPS)  systems  are 
extensively  studied  and  now  considered  as  possible 
means  for  Civil  Aircraft  landing  for  phases  of  flight 
until  Precision  Approach  CAT  1  (WADGPS)  and 
even  further  (until  CAT  3)  for  LADGPS. 

Operational  requirements  have  been  defined  for  each 
given  phase  of  flight  independantly  of  the  navigation 
sensor.  They  have  been  expressed  in  the  so  called 
Required  Navigation  Performances  (RNP)  and  Tunnel 
concept.  The  RNP  are  translated  in  Accuracy, 
Availability,  Integrity  and  Continixity  of  Service. 
Under  French  Civil  Aviation  (DGAC/STNA) 
contract,  Thomson-CSF  has  conducted  theoretical 
analyses  on  the  RNP  requirements  and  then  proposed 
both  LADGPS  and  WADGPS  architectures  compliant 
with  Precision  Approach  RNP  requirements.  More 
particularly,  Thomson-CSF  proposed  an  Integrity 
Monitoring  System  working  at  different  levels  in  the 
navigation  system.  The  more  recent  analyses  were 
dealing  with  the  difficult  Integrity  and  Continuity  Of 
Service  performance  assessments  offered  by  the 
proposed  system  in  various  scenarii.  These  analyses 
have  been  carried  on  with  the  ONERA  simulator. 
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ONERA  has  developped,  under  CNES  contract  then 
under  STNA  contract,  a  simulation  tool  called 
SNAPSIS  ‘Satellite  NAvigation  systems  Performance 
analysis  simulation  Software’.  This  simulator  has 
been  designed  to  modelise  different  types  of 
differential  system  architectures  and  to  analyse  their 
performance  in  term  of  RNP.  At  a  previous  congress, 
preliminary  results  with  LADGPS  and  WADGPS 
architectures  have  been  presented.  Since,  new 
modelisations,  both  for  the  spatial  segment  and  for  the 
user  segment,  have  been  developped  and  their 
influence  on  the  performances  has  been  studied. 
Moreover,  new  methodologies  have  been  used  for  the 
statistical  evaluations  of  performances. 

At  first,  this  paper  will  present  the  main  Thomson- 
CSF  conclusions  about  the  RNP  analysis  and  the 
resulting  LADGPS  and  WADGPS  solutions  mainly 
from  the  Integrity  and  COS  points  of  view.  More 
particularly,  we  will  expose  the  different  elements  of 
the  Integrity  Monitoring  System. 

Then  the  different  modules  which  compose  SNAPSIS 
and  which  have  allowed  to  simulate  finely  and 
accurately  the  different  architectures  with  a  great 
choice  of  possible  components  will  be  presented 
(ground  segments,  integrity  monitoring  algorithms, 
pseudolites,  etc..). 

Some  illustrative  results  showing  the  great  sensitivity 
of  the  RNP  performances  to  some  system  parameter 
(SA  dither  characteristics,  for  instance)  will  be  given. 
Finally,  we  will  insist  on  the  methodology  applied  to 
perform  extensive  Integrity  and  COS  analyses  based 
on  a  preliminary  theoretical  approch  of  these  RNP 
parameters  and  the  use  of  probability  scaling  in  the 
simulations  in  order  to  achieve  high  confidence 
(99%). 

1.  INTRODUCTION 

The  WADGPS  is  now  known  as  a  possible  means  to 
offer  a  landing  navigation  service  for  Civil  Aviation, 
even  for  the  CATl  precision  approach  phase  of  flight. 
The  WAAS  sj'stem  is  currently  developped  by  the 
FAA  and  a  similar  project  is  now  under  progress  in 
Europe. 

Preliminary  studies  about  the  now  well  known  RNP 
‘Required  Navigation  Performances’  assessment 
expressed  in  terms  of  Accuracy,  Availability,  Integrity 
and  Continuity  Of  Service  have  been  conducted, 
especially  for  some  results  on  LADGPS  and 
WADGPS  performances  (ref  1). 

The  present  article  gives  the  THOMSON-CSF  results 
on  proposed  solutions  to  provide  Accuracy, 
Availability,  Integrity  and  COS.  The  analyses 
presented  here  are  mainly  concerned  by  Integrity  and 
Continuity  of  Service.  Therefore  some  Integrity 
Monitoring  System  solutions  with  their  associated 
performances  in  probability  of  alarm  and  probability 
of  missed  detection  will  be  described.  They  are  based 
on  a  study  and  system  simulation  supported  by  the 
French  Civil  Aviation  Administration  (STNA)  and 


the  French  Space  Agency  (CNES).  The  THOMSON- 
CSF  architectures  and  scenarii  are  tested  with  the 
always  upgraded  model  SNAPSIS,  developped  by  the 
French  Aerospace  Research  Laboratory,  ONERA 
(ref  2  and  3). 

2.  RNP  REQUIREMENTS 

The  Required  Navigation  Performances  (RNP)  to  be 
satisfied  by  the  navigation  system  are  translated  in 
accuracy,  availability,  integrity  and  Continuity  of 
Service  (COS)  which  are  applicable  in  the  airspace 
where  precision  approaches  are  occurring. 

The  tunnel  concept  (ref 4)  introduces  a  solid 
operational  reference  to  link  up  these  four  RNP 
requirements.  The  Total  System  Error  (TSE)  which  is 
the  difference  between  the  aircraft  true  position  and 
the  ideal  landing  path  shall  meet  the  tunnel 
requirement.  The  TSE  is  defined  as  the  quadratic  sum 
of  the  Flight  Technical  Error  FTE  (aircraft  command 
and  pilot  error)  and  of  the  Navigation  System  Error 
NSE.  The  NSE  is  directly  allocated  to  the  navigation 
system.  From  a  tradeoff  analysis,  THOMSON-CSF 
already  proposed  (ref  1)  a  choice  of  Navigation 
System  Requirements  which  is  presented  in  table  1  for 
CAT  1  precision  approach. 

The  system  accuracy  is  usually  expressed  in  terms  of 
the  smallest  radius  of  horizontal  or  vertical  circle  that 
encompasses  95%  of  the  position  error  measvuements 
(STANAG  ref  5).  These  figures  have  been  adopted 
here  in  the  case  of  the  NSE  (95%)  (H:  horizontal,  V: 


CATl 

Accuracy 

H  NSE  95% 

18,7  m 

V  NSE  95% 

5,4  m 

Integrity 

Prob.  of  undetected  failure  (per  150  s) 

1,3  .  lO''^ 

H  alarm  limit 

33,5  m  on  NSE 

V  alarm  limit 

9,8  m  on  NSE 

time  to  alarm 

6  s 

COS 

Prob  of  alarm  per  15  s 

1  .  10’^ 

Availability 

not  determined 

Table  1  ;  Proposed  Navigation  System  Requirements 
for  CATl 


These  four  service  characteristics  are  strongly 
correlated  what  makes  their  analysis  difficult. 

For  instance,  the  Availability  requirement  expresses 
the  probability  that  the  positioning  service  meet  the 
accuracy  requirement  and  that  the  Integrity 
monitoring  declares  the  service  safe  at  a  given  instant. 
The  Availability  analysis  leads  then  the  System 
designer  to  firstly  perform  both  the  positioning  service 
availability  analysis  and  the  Integrity  monitoring 
service  availability  analysis.  This  double  aspect  makes 
the  Availability  requirement  assessment  a  difficult 
task  that  remain  currently  under  discussion  and  that 
will  need  a  further  detailed  study. 
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The  probability  of  undetected  failure  requirement  is 
strongly  limited  (<1.3  .10'^).  This  is  the  probability 
that  the  NSE  exceeds  the  alarm  limit  and  that  the 
integrity  monitoring  system  doesn’t  detect  it  and  warn 
the  user  within  the  time  to  alarm. 

It  is  obvious  that  the  best  way  to  solve  the  Integrity 
Issue  is  to  provide  both  a  better  geometry  (PDOP 
figure)  and  more  accurate  measurements,  i.e.  to 
reduce  the  sigma(URE)  in  order  to  ensure  a  low  level 
of  NSE.  But  anyway,  for  Precision  Approach,  the  level 
of  the  undetected  failure  probability  requirements 
implies  that  sophisticated  Integrity  monitoring 
methods  must  be  implemented  in  order  to  guarantee 
the  robustness  of  the  service  to  any  unplanned  system 
failure  (space  component  sudden  failure, 
straightforward  HW/SW  in  the  ground  segment,  etc..). 

The  time  to  alarm  (requirement  of  6  s)  is  not  detailed 
in  this  paper,  even  if  it  is  a  critical  part  of  the  system. 
Indeed,  the  processing  times  in  the  different 
components  have  not  been  studied  nor  simulated 
during  the  study.  Qualitative  budgets  have  shown  the 
relative  feasibility  of  this  constraint  for  CATl.  It  is 
then  assumed  that  the  problem  of  the  time  to  alarm 
can  be  decorrelated  from  the  other  integrity  or 
accuracy  requirements. 

The  Continuity  of  Service  ‘COS’  is  the  probability 
that  the  performance  of  the  Navigation  System  is 
within  tolerance  throughout  the  phase  of  flight  period 
(150s  divided  in  ten  segments  of  15s)  given  that  it  was 
within  tolerance  at  the  start  of  the  period.  Planned 
losses  of  service  do  not  affect  continuity.  The 
Continuity  losses  are  then  mainly  due  to  unplanned 
sudden  unavailability  caused  by  the  integrity 
monitoring  system  alarms  and  outages. 

The  RNP  are  all  correlated  through  the  NSE 
distribution,  what  makes  their  analyses  such  a  critical 
problem.  In  fact,  the  NSE  distribution  bounds  the 
RNPs  through  the  following  conditions: 

We  have  NSE  95%  <  Accuracy  threshold,  which 
expresses  the  accuracy  requirement  and  which  can 
also  be  written  as:  Prob.(NSE  >  Accuracy  Threshold) 
<  5%.  This  performance  will  then  impact  on  the 
Availability  one. 

We  also  have  this  complex  condition:  Prob,(NSE  > 
Alarm  limit)  <  Probability  of  Alarm  which  bounds 
together  the  NSE  distribution  to  the  Integrity 
performance  (Alarm  limit)  and  to  the  COS 
performance  (max  probability  af  alarm  allowed). 

3  WADGPS  AND  LADGPS  ARCHITECTURES 
FOR  CATl  PRECISION  APPROACH 

3.1  WADGPS  components  description: 

The  space  segment  includes  the  24  GPS  constellation 
plus  1  to  3  INMARSAT3  geostationary  satellites 
(AORE;  AORW;  lOR). 

The  ground  segment  is  composed  by  7  tracking  and 
monitoring  stations  MS  located  around  the  world: 


Toulouse  (south  of  France)  where  is  also  located  the 
control  station  CS  and  six  low  latitudes  stations 
(Ascension,  Nairobi,  Guam,  Kourou,  Papeete  and 
Singapour).  The  level  of  relative  synchronization  of 
each  MS  /  CS  is  15  ns  (1  sigma). 

The  CS  performs  the  satellite  orbit  determination  with 
a  Kalman  filter  processing  of  MS  smoothed 
pseudoranges  and  distributes  to  the  MS  the  predicted 
ephemeris  for  the  monitoring  function.  The 
instantaneous  monitoring  measurement  of  each  MS  is 
affected  by  noise  and  multipath  (1.8m,  1  sigma).  The 
CS  computes  then  the  final  message  from  the  different 
corrections  send  by  each  MS  at  each  instant  for  each 
satellite  in  view.  The  WADGPS  final  message  is 
composed  mainly  by  fast  and  slow  corrections  and  by 
the  UDRE  (defining  the  global  correction  accuracy). 
This  message  format  has  been  proposed  at  RTCA 
(ref  6). 

As  the  service  is  not  perfectly  real  time,  there  is  a 
latency  delay  which  represent  the  ‘age’  of  the 
corrections.  This  delay  is  here  supposed  to  be  bounded 
by  4  and  6  seconds. 

The  user  grid  covers  Europe.  The  minimum  elevation 
angle  for  using  a  satellite  is  5°.  The  user  receiver  is 
able  to  track  all  the  satellites  in  view  (at  least  13 
channels).  Finally,  the  user  pseudorange  is  affected  by 
noise  and  multipath  (1.2m,  1  sigma). 

3.2  LADGPS  architecture  description 

The  ground  segment  is  mainly  composed  by  the 
reference  station  located  at  Toulouse  tracking  all  the 
satellites  in  view  above  5  degrees  of  elevation  angle.. 
The  instantaneous  pseudorange  correction  of  the 
reference  station  is  affected  by  noise  and  multipath 
(1.2m,  1  sigma)  and  by  the  effects  of  latency  delays 
(less  than  two  seconds). 

The  use  of  additional  pseudolites  (up  to  two)  can  ce 
considered  also.  Their  signal  is  supposed  to  be 
affected  by  noise  whose  level  remains  very  low  near 
the  pseudolite  and  increases  linearly  with  the  distance 
to  the  pseudolite  as  it  is  proposed  in  the  literature. 

3.3  WADGPS  and  LADGPS  Integrity  Monitoring 
System 

The  WADGPS  Integrity  Monitoring  System  proposed 
by  Thomson-CSF  is  based  on  three  successive 
monitoring  levels : 

-  a  consistency  check  of  the  whole  ground  segment 
monitoring  output  data  (fast,  slow  corrections  and 
UDRE)  in  order  to  detect  a  possible  unplanned  failure 
in  one  ground  component;  this  first  level  can  already 
be  efficient  as  soon  as  there  is  enough  redundancy  in 
the  ground  segment  (enough  monitoring  stations,  cf 
FAA  system  ‘WAAS’  architecture) ; 

-  a  user  on  board  real  time  Integrity  Monitoring 
level  relying  whether  on  a  sophisticated  Differential 
RAIM  algorithm  or  on  the  use  of  the  UDRE  broadcast 
in  the  WADGPS  message  ; 
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-  an  additional  near  real  time  end  to  end  Integrity 
Monitoring  level  relying  on  the  instantaneous 
positioning  error  monitored  in  a  nearby  station 
(named  IMSt;  Integrity  Monitoring  Station). 

The  user  is  of  course  supposed  to  get  these  two  last 
different  levels  information.  A  priority  order  will  have 
to  be  defined  previously. 

The  LADGPS  Integrity  Monitoring  System  proposed 
by  Thomson-CSF  is  limited  to  the  two  last  previous 
monitoring  levels. 

3.3.1  User  on  board  integrity  monitoring  methods 

The  last  RAIM  algorithm  implemented  in  SNAPSIS 
and  that  has  been  extensively  analysed  is  the 
sophisticated  algorithm  proposed  by  F.Van  Graas  at 
the  RTCA  (ref  7).  In  fact  this  algorithm  is  used  in  a 
differential  mode  (DRAIM). 

This  last  method  is  based  on  a  FDE  (Fault  Detection 
and  Exclusion)  algorithm  working  in  the  parity  space. 
This  algorithm  determines  automatically  the  threshold 
from  the  inputs  (expected  PA,  Pmd  and  pseudorange 
accuracy  (sigma(URE)). 

The  Van  Graas  RAIM  algorithm  includes  an 
availability  test  comparing  a  fonction  of  the 
pseudorange  residuals  to  the  alarm  limits  (horizontal 
and  vertical).  When  one  of  the  two  alarm  limits  is 
exceeded,  the  algorithm  can  not  conclude  and  the 
integrity  monitoring  is  declared  unavailable.  Then 
there  are  the  detection  process  followed  by  the 
exclusion  process  in  case  of  failure  detection.  Then  an 
alarm  can  be  transient,  i.e.  can  occur  at  the  detection 
level  and  disappear  after  the  exclusion  process.There 
are  finally  three  possible  status  concluded  by  this  FDE 
algorithm: 

-  service  is  safe  (green  status:  G) 

-  service  is  not  safe  (red  status  or  alarm  :  R) 

-  no  conclusion  (orange  status  :  O),  the  integrity 
monitoring  is  declared  unavailable. 

The  second  on  board  integrity  monitoring  method  is 
based  on  the  use  of  the  UDRE  message  component. 
The  principle  is  to  project  the  UDRE  vector  supposed 
to  give  the  pseudorange  accuracy  achieved 
instantaneously  with  each  satellite  in  the  user  time- 
position  space.  The  user  could  then  be  able  to  estimate 
his  NSE  (horizontal  and  vertical)  and  to  compare 
them  directly  to  the  alarm  limits.  As  the  UDRE 
definition  has  not  been  precisely  specified  until  now, 
it  is  difficult  and  not  really  usefiill  to  perform  fine 
analyses  of  this  integrity  monitoring  method. 

3.3.2  End  to  end  integrity  monitoring  in  the  IMSt 
(for  both  WADGPS  and  LADGPS) 

The  last  level  proposed  by  Thomson-CSF  is  an  end  to 
end  monitoring  realized  in  a  station  IMSt  which  is 
precisely  located  and  which  processes  the  satellite 
signals  exactly  as  a  user.  This  station  is  then  able  to 
estimate  directly  its  positioning  error  whose  main  part 
is  due  to  the  Navigation  System:  NSE(IMSt) 


(horizontal  and  vertical)  and  to  trigger  an  alarm  when 
the  alarm  limit  (horizontal  or  vertical)  is  exceeded. 
The  efficiency  of  this  method  mainly  to  reduce  the 
user  missed  detection  and  false  alarm  rates  depends 
only  on  the  correlation  of  the  NSE  estimated  by  the 
IMSt  with  the  true  NSE  of  the  user. 

We  have  analysed  the  correlation  between  NSE(IMSt) 
and  NSE(user)  achieved  with  our  WADGPS  for 
different  local  sets  of  IMSt  covering  Europe  and  for  a 
user  grid  covering  a  region  of  2200  km  around 
Strasbourg  (France).  The  results  showed  that  even 
with  only  7  IMSt,  a  good  correllation  was  achieved, 
degraded  only  by  the  short  term  errors 
(noise+multipaths)  of  the  user  and  IMSt  receivers. 

This  detection  level  can  be  completed.  In  fact,  the 
integrity  monitoring  function  performed  by  this 
station  can  be  developped  to  exclude  or  isolate  the 
wrong  pseudorange(s)  among  the  instantaneous 
navigation  solution.  This  second  level  information 
would  be  send  to  the  ground  segment  control  center 
for  its  general  system  integrity  monitoring. 

4.  SNAPSIS  PRESENTATION 

The  current  version  of  SNAPSIS  stems  from  different 
studies  for  CNES  then  DGAC  (ref  9).  Its  main 
purpose  is  to  allow  complex  Satellite  Navigation 
System  studies.  It  complements  an  another  tool 
developped  at  ONERA,  ANACON  (ref  10),  which  is 
limited  to  availability  studies.  The  SNAPSIS  software 
can  simulate  systems  with  architecture  based  on  GPS 
or  DGPS  (LADGPS  and  WADGPS)  principles.  The 
simulation  is  the  most  precise  to  allow  fine  analysis  of 
the  performance  (integrity,  continuity  of  service, 
accuracy,  ...).  The  architecture  modelisation  is 
defined  by  different  parameters  the  user  can  easily 
modify. 

4.1  Overall  design 

There  are  mainly  five  successive  steps  (or  segments) 
in  the  simulation  process.  Each  one  is  realized  by  a 
specific  module  (see  figure  1).  These  five  main  tasks 
are: 

-  Orbit  generation  and  determination  module  (for 
GPS  and  geostationary  satellites); 

-  Broadcast  ephemeris  module; 

-  WADGPS  correction  message  determination; 

-  WADGPS  message  selection  and  communication 
module; 

-  LADGPS  correction  generation  and  User 
processings  module. 

Each  module  uses  data  input  files  (typically  one  only 
or  one  per  satellite)  resulting  from  the  execution  of  the 
prior  modules  and  generate  data  output  files  (typically 
one  only  or  one  per  satellite)  which  will  be  read  by  the 
next  modules. 

4.2  Orbit  generation  and  determination  modnie 

This  is  the  first  and  very  important  simulation 
segment  of  the  process.  It  consists  in  two  successive 
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tasks,  each  one  is  realized  by  one  submodule. 

The  first  submodule  performs  a  realistic  simulation  of 
the  whole  constellation  satellite  orbit  and  clock  offset. 
Prior  studies  on  the  problems  of,  first  the  CE-GPS  and 
then  the  GPS  satellite  orbit  determination  have  led  us 
to  establish  sophisticated  models  of: 

“  geostationary  (GS)  complement  as  the  CE-GPS 
and  GPS  satellite  dynamics; 

-  GPS  satellite  natural  clock  offset; 

-  Satellite  clock  offset  high  frequency  alteration 
due  to  SA  (SA  dither); 

-  GS  (geostationary)  and  GPS  satellite 
observations  (pseudorange,  simple  or  double 
difference)  and  observation  errors  (atmospheric 
effects,  synchronisation  errors  between  tracking 
stations,  etc..). 

These  models  are  used  to  produce  the  true  satellite 
(geostationary  and  GPS)  orbit  and  clock  offset  files 
and  also  the  true  observations  files  that  a  tracking 
ground  stations  network  realizes  for  every  satellite. 

The  second  submodule  performs  the  orbit 
determination  computed  at  the  master  control  center 
from  the  observations  done  by  the  tracking  network 
with  an  Extended  Kalman  Filtering  method.  We  have 
shown  in  past  studies  that  even  in  case  of  SA,  a  quite 
good  GPS  orbit  accuracy  can  be  achieved.  The 
possibility  to  track  several  satellites  simultaneously  in 
order  to  improve  the  observability  of  some  ground 
station  errors  (synchronisation  bias)  and  consequently 
the  orbit  determination  accuracy  has  also  been 
recently  tested. 

So  this  second  processing  will  provide  the  Monitoring 
Stations  with  accurate  orbit  prediction  with  the 
associated  covariance  matrix  for  typically  the  next  12 
hours.  The  data  resulting  from  this  second  calculus 
are  concatenated  to  the  true  orbit  and  clock  offset 
data.  The  output  files  of  this  first  module  (one  file  per 
satellite)  contain  then: 

-  satellite  true  orbit,  clock  offset  and  SA  dither; 

-  satellite  predicted  orbit  and  predicted  covariance 
matrix. 

4.3  Broadcast  Ephemeris  module 

The  second  simulation  step  consists  in  creating  an 
ephemeris  degradation  in  order  to  take  into  account 
the  effect  of  possible  Selective  Availability  on  the  GPS 
satellite  navigation  data.  The  modelling  of  this 
degradation  has  been  exposed  in  the  previous 
communication  and  has  not  changed.  It  will  then  not 
be  reproduced  here  (ref  3). 

4.4  WADGPS  message  determination 

The  third  simulation  step  is  the  cornerstone  of  a 
WADGPS  system.  It  must  produce  eventually  the 
extended  differential  correction  data  about  every 
satellite.  These  data  are  computed  by  each  station  of 
the  ground  network  and  will  be  then  sent  to  the 
master  control  station.  As  in  the  CE-GPS  context,  this 


differential  data  determination  function  is  ensured 
simultaneously  with  the  tracking  function  by  the  same 
stations. 

To  compute  these  messages,  the  station  is  provided 
with  the  following  data  : 

-  broadcast  satellite  position  (degraded  by  SA); 

-  raw  pseudorange  (between  satellite  and  station 
true  positions  and  mainly  degraded  by  SA  satellite 
clock  dither); 

-  predicted  satellite  position  with  its  covariance 
matrix  (outcome  of  orbit  determination  processing); 

-  predicted  pseudorange  between  predicted  satellite 
and  estimated  station  positions  corrected  with 
estimated  pseudorange  errors  (atmospheric  effects, 
synchronisation  offsets,  etc..). 

The  RTCA  WADGNSS  message  format  (ref  6)  has 
been  used  as  reference.  Among  the  different  data 
included  in  this  format,  only  the  major  components 
which  have  a  direct  effect  on  the  performances  have 
been  computed  in  the  software.  They  are: 

-  the  fast  correction; 

-  the  long  term  satellite  error  corrections; 

-  the  User  Differential  Range  Error  (UDRE) 
which  must  qualify  the  global  correction  accuracy; 

-  the  "Use”  /  ’’Don’t  Use”  flag. 

Until  now,  neither  ionospheric  correction  data  nor 
range  rate  correction  data  are  present  in  the  message. 
The  UDRE  proposed  here  is  computed  by  the  ground 
segment  and  is  representative  of  the  uncertainty  (1 
sigma)  on  the  global  (fast+slow)  correction  before 
coding  and  transmission. 

The  transmissions  involved  (between  the  monitor 
station  and  the  user)  introduce  delays.  This  delay  is  a 
function  of  the  transmission  conditions  and  can  then 
be  represented  by  a  variable  drawn  at  random  at  each 
instant  in  each  station  for  each  satellite.  Then  the 
differential  corrections  calculus  is  delayed  of  this 
value. 

A  linear  regression  algorithm  has  been  implemented 
to  estimate  the  instantaneous  satellite  clock  error  rate 
and  to  predict  the  value  of  the  fast  correction  a  few 
seconds  later  (the  mean  expected  value  of  the 
transmission  delays). 

It  is  also  possible  at  this  level  to  trigger  a  typical  clock 
failure  on  a  satellite  or  on  a  monitoring  station  in 
order  to  be  able  to  analyse  its  effect  on  the  final 
performances. 

4.5  WADGPS  message  selection  and  coding 
module 

The  control  station  has  to  elaborate  for  each  satellite 
only  one  set  of  corrections  smoothed  over  the  different 
simultaneous  sets  transmitted  by  the  network  of 
monitoring  stations.  Some  additional  processings  to 
increase  the  integrity  of  the  whole  process  are 
possible  at  this  level  (to  detect  a  station  or  satellite 
sudden  clock  failure  as  important  ramp  or  bias  for 
instance). 


801 


4.6  LADGPS  message  generation  and  User 
processings  module 

This  is  the  last  simulation  segment  of  the  process.  It 
gathers  the  local  differential  corrections  generation 
modelling  (ground  segment  composed  by  a  reference 
station  and  some  secondaiy  stations)  the  various  user 
processings  (positioning,  non  integrity  detection),  and 
an  another  process  of  non  integrity  detection, 
independant  of  users,  with  some  station  named  IMSt 
(Integrity  Monitoring  Station). 

4.6.1  LADGPS  message  generation  and  diffusion 
Stations  modelisation ; 

Each  station  is  considered  as  a  specific  user  with  an 
error  budget : 

-exact  knowledge  of  its  position; 

-  exact  synchronisation  with  the  GPS  time; 
-tropospheric  and  ionospheric  delay  model  (mono- 
or  bi-frequency  receiver). 

Pseudo  range  correction  (PRC): 

The  correction  is  the  difference,  at  the  reference 
station  level,  of  the  predicted  pseudorange  (with  its 
position  knowledge)  and  the  measured  pseudorange. 
This  correction  is  code  as  specified  in  the  RTCA 
SCAT  I DGPS  message  format  (ref  11). 

Transmission  delay : 

The  transmission  delays  between  the  reference  station 
and  the  users  have  been  taken  into  account  like  in 
WADGPS  (see  paragraph  IV.4).  The  coding  respects 
the  RTCA  SCAT  I  DGPS  format  (ref  1 1). 

At  this  level,  like  in  WADGPS  context,  it  is  possible 
to  trigger  t3qjical  clock  failures  in  the  reference  station 
to  study  their  effect  at  the  final  level  (user). 

4.6.2  Pseudolites  signals 

A  pseudolite  can  be  compared  to  a  ground  GPS 
satellite  with  no-degraded  messages,  as  described  in 
paragraph  3.2. 

4.6.3  User  processings 

Until  now,  the  users  are  considered  to  be  static  and 
composed  a  user  network.  This  user  set  is  easily 
selected  in  the  control  file,  it  can  be  a  grid  covering 
the  INMARSAT  satellite  visibility  area  (typical 
WADGPS  performance  analysis)  or  a  local  area 
surrounding  an  airport  location  (typical  LADGPS 
performance  analysis). 

A  lot  of  control  parameters  must  be  defined  in  the 
global  data  input  file  to  characterize  the  constellation 
declared  available  (with/without  geostationary  or, 
pseudolite  ranging),  the  user  equipment  and  its  basic 
satellite  selection  mode  (all  in  view,  best  PDOP,  etc..). 
The  user  can  select  either  the  use  of  the  UDRE  based 
technic  or  the  DRAIM  to  perform  his  own  integrity 
monitoring.  The  DRAIM  technic  used  in  SNAPSIS  is 
the  FDE  (re£7). 

4.6.4  End  to  end  integrity  monitoring  by 


additional  Stations  IMSt 

End  to  end  integrity  monitoring  has  been  proposed  by 
THOMSON  and  described  in  paragraph  3.3.2.  This 
additional  integrity  monitoring  is  simulated. 

4.7  Performances  analysed 

The  new  developments  of  this  last  module  of 
SNAPSIS  are  rather  numerous  and  important  and 
allow  to  take  into  account  in  a  faithfiill  manner  a  lot 
of  different  elements  of  a  WADGPS  or  LADGPS 
system  (constellation,  monitoring  station,  reference 
station,  secondary  station,  pseudolite,  receiver 
algorithm,  etc..).  Every  one  of  these  system 
components  is  mainly  defined  and  characterized  in  a 
specific  file  (ex:  pseudosat.d  is  the  pseudolite 
catalogue  file  containing  an  exhaustive  parameter  list 
for  each  pseudolite). 

The  performances  analyzed  are  mainly: 

-  DOP  statistics; 

-  the  URE  achieved  (1  sigma); 

-  the  raw  positioning  error  between  the  true 
position  and  the  GPS  fix  (raw  GPS  data); 

-  the  corrected  positioning  error  between  the  true 
position  and  the  GPS  corrected  fix  (GPS  pseudoranges 
corrected  with  differential  data); 

-  user's  on  board  alarm  counting  and  length; 

-  service  outage,  false  alarm  and  missed  detection 
counting. 

-  IMSt  own  alarm  and  missed  detection  counting; 

-  IMSt  confirmation  of  user  integrity  diagnostics. 


4.7.1  SA  model  influence  for  WADGPS 
architecture 


The  WADGPS  architecture  is  described  in  paragraph 

3.1  (+  2  Geostationary  satellites)  with  users  in  Europe 
(error  budget  of  4ns).  We  simulate  the  system  during 
one  day,  with  a  positioning  every  300  seconds. 


The  following  table  presents  the  results  with  a  first 
order  markov  process  SA  model  (a,sA=21m,  t=180s) 
and  a  second  order  markov  process  SA  model 


(<JsA~23m,  (TdSA/dT~~0-28ni/s,  t— 118s). 


SA  model  I 

1st  order 

2nd  order 

a(URE)  (m) 

7.1 

5.1 

NSE(95%)  Vertical  (m) 

21.0 

14.8 

NSE(95%)  Hor.  (m) 

10.6 

6.9 

The  performances  are  ameliorated  of  25  to  30%  with  a 
second  order  SA  model. 


4.7.2  Transmission  delay  influence  for  LADGPS 
architecture 

The  LADGPS  architecture  is  described  in  paragraph 

3.2  (with  2nd  order  model  SA).  We  simulate  the 
system  during  one  day,  with  a  positioning  every 
second. 

The  following  table  presents  the  results  with  a 
transmission  delay  of  0  to  2s  and  of  2  to  4s. 
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Transmission  delay  | 

0  to  2  s 

2  to  4  s 

a(lIRE)  (m) 

1.56 

2.11 

NSE(95%)  Vertical  (m) 

4.43 

5.09 

NSE(95%)  Hor.  (m) 

2.68 

3.06 

The  degradation  appears  directly  on  the  measure 
quality.  We  can  note  this  effect  is  dependent  of  SA 
model. 


5.  INTEGRITY  AND  COS  PERFORMANCE 
ANALYSES 

Basically,  the  performance  analysis  that  can  be  made 
by  simulation  is  based  on  the  following  principle,  for 
each  instantaneous  user  position  fix: 

1.  the  on  board  user  integrity  monitoring  can  produce 
2  main  conclusions: 

-  the  service  is  declared  safe; 

-  the  service  is  declared  unsafe  (alarm); 

2.  at  the  same  time  the  end  to  end  IMSt  can  produce  2 
main  conclusions: 

-  the  NSE  estimated  at  the  IMSt  does’t  exceed  the 
alarm  limit ; 

-  the  NSE  estimated  at  the  IMSt  exceeds  the  alarm 
limit  ==>  IMSt  alarm  ; 

3 .  while  the  true  position  error  is: 

-  smaller  than  the  alarm  limit; 

-  larger  than  the  alarm  limit. 

When  a  complementary  IMSt  information  is  available 
to  the  user,  there  are  then  8  possible  events  to  count. 
At  the  end  of  the  simulation  run,  the  eight  counters 
give  the  false/true  alarm  rates  and  the  missed 
detection  rate  allowing  to  compute  the  COS  losses 
and  the  Non  Integrity  cases. 

5.1  WADGPS  Continuity  of  Service  performance 
analysis 

As  presented  before  (§  2),  the  Continuity  losses  are 
determined  by  the  unplanned  user  integrity 
monitoring  alarms  and  outages.  More  precisely,  we 
have  the  following  formula: 

1-COS  =  Ds.  Pf.  Pdet  +  Ds  .  (1-Pf) .  PA  +  (1-Ds)  (1) 
where  we  have: 

Ds:  availability  of  the  integrity  monitoring 
Pf:  probability  of  failure  (probability  of  having 
NSE  >  darm  limit) 

Pdet:  probability  of  detection  of  the  failure  by  the 
integrity  monitoring 

PA:  probability  of  alarm 

In  the  previous  development  Pf  must  be  considered  as 
the  sum  of: 

Pf^current  system  =  probability  of  having  NSE  > 
alarm  limit  with  the  current  system  (no  failing 
component);  previous  analyses  done  by  Thomson-CSF 
with  ONE]^  SNAPSIS  tool  for  the  French  Civil 
Aviation  Authority  (refl)  have  shown  that  for  oiu* 
current  WADGPS  architecture  (involving  a 
sigma(URE)  of  5m),  this  figure  was  close  to  10  for 
Horizontal  positioning; 


and 

Pfi^failing  system  =  probabilily  of  having  NSE  >  alarm 
limit  with  a  failing  component  in  the  system; 

So  the  previous  formula  (1)  can  be  computed  twice 
with  each  one  of  the  two  Pf  presented  before. 

The  simulation  runs  involved  here  allow  to  estimate 
the  most  important  and  difficult  part  of  these  two 
components  of  the  COS  performance  involving  the 
current  system.  The  second  component  could  be 
assessed  in  a  similar  way  from  the  precise  definitions 
of  system  component  failure  modes  with  their 
associated  conditional  probabilities. 

As  the  COS  requirement  is  a  very  low  probability 
figure  (10'^  per  15s),  the  amount  of  test  runs  necessary 
to  enable  realization  of  high  confidence  (>  50%)  can 
be  very  large  (involving  10^’  to  10^^  snapshots)  for  a 
system  designed  to  meet  the  requirement.  This  kind  of 
analysis  could  then  be  very  time  consuming. 

The  feature  adopted  here  to  circumvent  this  difficulty 
is  probability  scaling.  We  adapted  the  method 
proposed  within  RTCA  by  J.L.Farrell  and  F.V.Graas 
(ref  8)  for  GNSS  sole  means  integrity  testing  to  our 
Differential  GNSS  architecture. 

The  method  consists  in  amplifying  input  noise  level  to 
increase  the  expected  number  of  events  (alarms  for 
COS  analysis,  missed  detections  for  Integrity 
analysis). 

The  statistical  hypothesis  is  that  the  combined  effect 
of  error  sources  affecting  the  user  corrected 
pseudorange  is  normally  distributed  with  zero  mean. 
On  this  basis,  the  amount  of  noise  amplification  is 
calculated  to  produce  an  average  rate  of  alarm  of 
around  0.01  (generating  100  alarms  for  10000  alarm 
snapshots).  The  complete  procedure  will  not  be 
presented  here.  It  is  very  close  to  what  J.L.Farrell 
proposed  for  its  ‘NPA  simulations  with  no  SV  failure’ 
(ref  9).  The  tests  have  been  performed  in  a  similar 
manner  in  order  to  produce  high  confidence  (99%) 
conclusions  instead  of  the  usual  50%  confidence 
attached  to  the  classical  experimental  average. 

The  main  difference  is  that  we  are  here  testing  the 
performances  of  a  Differential  system.  So  the  noise 
amplification  will  not  be  applied  on  the  satellite  clock 
SA  (as  in  re£8),  what  would  be  useless  because  the 
system  would  correct  it,  but  at  the  user  receiver  level. 
Moreover,  among  the  total  of  alarms  triggered  at  one 
user  level  during  the  complete  set  of  simulations,  the 
only  alarms  counted  are  those  supposed  to  create  a 
loss  of  COS  and  then  are  those  following  a  state  when 
service  was  declared  available. 

The  results  presented  in  the  table  2  illustrate  the 
performances  achieved  with  DRAJM  (Van  Graas 
ref  7)  as  on  board  integrity  monitoring  in  case  of  no 
forced  system  failure.  The  following  table  shows  the 
relatively  high  number  of  orange  cases. 
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expec.  PA 
CT(psd) 

Direct 
unav.  :0 

trans.  al 
R=>0 

trans.  al. 

R=>G 

def.  al. 

R=>R 

47 

0 

0 

0 

0,01 ;  7,6m 

235 

161 

8 

table  2:  Unavailabilities  of  DRAIM  induced  by  the 
internal  test  (total  of  52000  snapshots) 


The  Van  Graas  DRAIM  algorithm  includes  a 
preliminary  availability  test  (see  §  3.3.1).  When  one 
of  the  alarm  limit  is  exceeded  (the  vertical  alarm  limit 
is  low  (9,8m)  compared  to  the  pseudorange  accuracy 
(4,9m  or  7,6m)),  the  algorithm  can  not  conclude  and 
the  integrity  monitoring  is  declared  unavailable.  We 
can  see  in  the  table  1  that  these  cases  are  quite 
numerous.  These  cases  could  reduce  the  COS 
performance  to  a  large  extent.  The  efficiency  of  this 
test  for  the  Integrity  performance  will  have  to  be 
proven  by  a  detailed  analysis  in  the  future. 


In  order  to  decorellate  the  problems,  in  the  following 
simulations  we  remove  this  internal  test  from  the 
integrity  monitoring  algorithm.  _ _ 


expected  PA; 
CT(psd) 

trans.  al. 

R=>G 

def.  al. 

R=>R 

exp.  PA 

unsealed 
PA  (99%) 

10^  4,9m 

0 

0 

0 

0,001  ;  6,3m 

8 

0 

0,00015 

0,08  10^’ 

0,005  ;  7,1m 

54 

0 

0,00103 

0,1  lO" 

0,01 ;  7,62m 

362 

0 

0,0069 

0,54  10'’ 

0,1  ;  10,3m 

2621 

107 

0,052 

0,5  lO  " 

table  3:  DRAIM  Alarm  Probability  performances  for 
WADGPS  (around  52000  snapshots) 


The  final  PA  determination  takes  into  account  all  the 
alarms  (transients  and  definitives)  what  could  be 
considered  as  a  pessimistic  attitude  from  an 
operational  point  of  view.  The  reason  is  that 
probability  scaling  is  associated  to  the  first  level  of  the 
FDE  algorithm  only  and  can  not  take  into  account  any 
exclusion  step. 

If  we  stay  at  the  DRAIM  detection  level,  we  can 
conclude  that  we  achieve  consistent  results  leading  to 
an  alarm  probability  figure  (99%)  of  0,5.10'^  as  soon 
as  the  event  sample  size  is  large  enough  (two  last 
cases),  what  proves  a  rather  good  behaviour  of  the 
probability  scaling  process. 

Another  conclusion  is  that  in  this  context  (no  system 
component  failure),  the  DRAIM  exclusion  process  is 
quite  efficient  to  find  a  navigation  solution  which  does 
not  violate  the  algorithm  internal  threshold  and  then 
which  will  not  create  a  loss  of  COS. 

So,  we  can  already  conclude  that  in  the  routine  case 
(with  no  system  component  failure),  the  contribution 
of  the  on  board  DRAM  integrity  monitoring 
described  before  to  the  Continuity  losses  is  very  small 
in  comparison  with  the  CAT  1  requirement. 


5.2  LADGPS  Continuity  of  Service  performance 
analysis 

The  same  kind  of  analysis  has  been  peformed  for  our 
LADGPS  system.  The  same  procedure  (ref7)  has 
been  applied.  The  nominal  pseudorange  correction 
accuracy  is  around  1.6m  .  As  for  WADGPS  analysis, 
the  amount  of  noise  amplification  is  calculated  to 
produce  an  average  rate  of  alarm  of  around  0.01  (what 
implies  a  global  a(psd)  growing  from  1.6m  to  around 
2.5m). 

The  analysis  is  more  difficult  here  because  at  this 
level  of  range  accuracy,  the  Alarm  rate  PA  is 
theoretically  very  sensitive  to  any  slight  increase  of 
a(psd). 


The  conclusions  draught  from  the  results  obtained  are 
similar  to  the  previous  one. 

- * . --1 - 1 - ^ 


expect.  PA;  a(psd) 

experim.  PA 

unsealed  PA  99% 

0,001  ;  2,06m 

0,00032 

0,27  10’^ 

0,01  ;  2,5m 

0,00646 

0,42  10'^ 

0,04 ;  2,9m 

0,0274 

0,44  lO  " 

table  4:  DRAIM  Alarm  Probability  performances  for 
LADGPS 

5.3  WADGPS  Integrity  performance  analysis 


The  Integrity  performance  is  measured  by  the 
probability  of  non-integrity  PNI  which  is  expressed  as 
follows: 

PNI=  Ds  .  Pf  .  Pmd  +  Ds  .  Pf  .  (1-Pmd)  .  P(waming 
delay  >  time  to  alarm)  (2) 

with:  Pmd:  probability  of  missed  detection 

P(waming  delay  >  time  to  alarm)  supposed 
to  be  =  0  (ensured  by  the  system  design) 

The  simulation  runs  involved  here  allow  to  estimate 
the  Pmd  parameter  in  case  of  a  WADGPS  failure 
supposed  to  create  an  exit  of  the  outer  tunnel  (NSE  H 
>  33,5m  or  NSE  V  >  9,8m)  in  order  to  test  the 
integrity  monitoring.  Two  different  levels  of  system 
failures  have  been  simulated  : 

-  a  bias  ‘type  1  ’  occurring  at  the  user  level  on  one 
user  receiver  channel  which  then  doesn’t  affect  the 
IMSt  positioning ; 

-  a  bias  ‘type  2’  occurring  at  the  ground  segment 
Control  Center  level  on  one  of  the  PRC  broadcast  to 
the  users  and  of  course  also  to  the  IMSt ; 

The  simulations  operate  around  10^^  user  position 
fixes.  The  missed  detection  results  are  expressed  at 
the  algorithm  level  (the  DRAIM  missed  the  bias 
detection)  and  at  the  User  NSE  level  (after  having 
taking  into  account  the  algorithm  conclusion,  the  NSE 
alarm  limit  is  finally  exceeded). 

First  of  all,  the  table  5  shows  clearly  the  detection  and 
exclusion  performances  of  the  DRAIM  algorithm. 
They  become  obvious  from  a  certain  bias  level 
(around  50m).  This  experimental  result  is  in  good 
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accordance  with  the  theoretical  value  of  the  minimum 
detectable  bias  predicted  by  the  algorithm  itself. 

We  can  also  verify  that  the  system  is  basically  not 
accurate  enough  for  vertical  positioning.  There  is  a 
big  amount  (>  27%)  of  missed  detection  proving  it 
and  that  can  not  be  reduced  by  the  FDE  method  alone. 
The  efiSciency  of  the  IMSt  additional  monitoring  to 
reduce  this  md  rate  is  particularly  noticeable  (>  50%). 

For  the  horizontal  positioning  service,  we  can  resume 
our  integrity  analysis  by  the  table  6. 

5.4  LADGPS  Integrity  performance  analysis 

The  simulation  runs  involved  here  allow  to  estimate 
the  Pmd  parameter  in  case  of  a  LADGPS  failure 
supposed  to  produce  a  systematic  error  (50m  bias)  on 
one  satellite  pseudorange  correction  (the  satellite 
tracked  by  the  first  channel  of  the  receiver  for  instance 
,  supposed  to  be  failing).  According  to  the  previous 
definitions  this  is  a  bias  ‘type  Y  occurring  at  the 
ground  segment  level  on  one  of  the  PRC  broadcast  to 
the  users  and  of  course  also  to  the  IMSt.  The  IMSt  is 
supposed  to  be  located  near  the  reference  station. 

The  simulations  operate  around  10^^  user  position 
fixes.  The  missed  detection  results  are  expressed  at 
the  algorithm  level  (the  DRAIM  missed  the  bias 
detection)  and  at  the  User  NSE  level  (after  having 
taking  into  account  the  algorithm  conclusion,  the  NSE 
alarm  limit  is  finally  exceeded). 

The  results  appear  in  the  table  7.  It  shows  clearly  the 
detection  and  exclusion  performances  of  the  DRAIM 
algorithm.  This  excellent  results  are  mainly  due  to  the 
fact  that  the  bias  level  is  greatly  higher  than  the 
pseudorange  accuracy  (a(psd)=  1.6m). 

We  can  also  verify  the  efficiency  of  the  IMSt 
monitoring  to  reduce  the  md  rate  for  vertical 
positioning. 

6.  CONCLUSION 

The  general  concern  of  this  communication  was  to 
present  the  last  important  results  on  the  local  and 
wide  area  solutions  to  provide  the  RNP  for  CAT  1 
precision  approach  studied  by  THOMSON-CSF  and 
ONERA  with  the  support  of  the  French  Civil  Aviation 
Authority  (DGAC/STNA)  and  of  the  French  Space 
Agency  (CNES).  The  WADGPS  and  LADGPS 
preliminary  architectures  have  already  been  presented 
in  past  papers  (ref  2  and  1).  The  recent  developments 
focused  on  the  Integrity  and  COS  issues  that  are 
surely  veiy  delicate  to  analyse  and  to  solve.  An 
efficient  and  robust  integrity  monitoring  system  acting 
at  three  successive  levels  in  the  system  has  been 
proposed  by  THOMSON-CSF  which  two  main 
components  are: 

-  an  on  board  integrity  monitoring  based  on  either 
the  performant  DRAIM  algorithm  proposed  by  F.V. 
Graas  at  RTCA,  or  on  the  projection  of  the  UDREs 
provided  by  the  ground  segment; 


-  and  an  interesting  complementary  monitoring 
means  realized  in  a  nearby  station  IMSt. 

The  overall  design  and  the  successive  steps  realized  in 
each  module  have  been  briefly  exposed.  The  software 
structure  and  its  detailed  possibilities  allow  to  focus 
the  analysis  on  a  specific  aspect  (orbit  determination 
accuracy,  differential  correction  accuracy, 
transmissions  delays  influence,  etc..).  This  quite 
exhaustive  parametric  approach  should  help  to  the 
system  designer  to  tune  the  system  specifications  in 
order  to  satisfy  operational  requirements. 

SNAPSIS  can  already  been  considered  as  a  powerfull 
simulation  tool  allowing  exhaustive  and  reliable 
analysis  of  the  different  integrity  monitoring  concepts 
that  have  been  appearing  since  several  years. 

An  extensive  and  original  approach  has  been  adopted 
using  the  SNAPSIS  simulator  (ref  2  and  3)  developed 
at  ONERA  to  perform  Integrity  and  COS  performance 
analysis  for  WADGPS  and  LADGPS  architectures. 
This  approach  is  based  firstly  on  a  preliminary  fine 
analysis  of  the  different  independant  probability 
figures  involved  in  the  definition  of  the  COS  and  PNI 
requirements,  secondly  on  probability  scaling 
allowing  high  99%  confidence. 

The  results  show  that  CAT  1  H  RNP  requirements  are 
already  met  with  the  proposed  architecture  in  the 
context  of  the  various  scenarii  tested  and  that  CAT  1 
V  could  interestingly  be  achieved  locally  through  a 
combined  improvement  of  the  PRC  accuracy  and  a 
complementary  integrity  monitoring  performed  by 
IMSt  in  the  service  area. 

The  authors  wish  to  thank  the  CNES  navigation  team, 
and  S.  LODDO  (Thomson-CSF)  for  their  constructive 
participation. 
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SOFTWARE  OVERALL  DESIGN 
Figure  1 
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table  5:  Prob.  results  at  DRAIM  and  User  levels  (with/without  IMSt)  in  case  of  WADGPS  system  failures 
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table  6:  PNI  analysis  for  horizontal  CAT  1  with  WADGPS 
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table  7:  Prob.  results  at  DRAIM  and  User  levels  (with/without  EMSt)  in  case  of  LADGPS  system  failure 
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ABSTRACT 

In  the  coming  year  the  subject  of  Category  I/H/HI  Local 
Area  Differential  GPS  (DGPS)  requirements  will  be  more 
closely  examined  for  aircraft  private  and  public  use.  This 
paper  is  the  result  of  a  study  by  Wilcox  to  evaluate 
Category  l/U/lll  DGPS  current  standards  with  respect  to 
possible  interoperability  between  the  ground  station  and 
airborne  equipment,  as  well  as  conflicts  with  the 
traditional  navigation  standards  and  experiences.  This 
paper  presents  possible  resolutions  and  standards 
definitions  to  provide  interoperability  and  to  guarantee 
integrity  and  reliability  that  exist  today  in  our  traditional 
navigation  devices. 

Considered  are  the  following  interoperability  issues: 
unusable  satellite  defrnition,  Acceleration  Error  Bound 
(AEB)  definition,  normalized  Pseudorange  Corrections 
(PRCs),  working  ground  station  definition.  These 
interoperability  issues  primarily  have  an  effect  on  ground 
equipment  availability  but  also  address  some  possible 
accuracy  issues. 

Also  considered  in  this  paper  is  a  study  of  traditional 
nav-aid  principles  that  should  be  incorporated  into  DGPS 
standards.  These  principles  have  evolved  over  the  long 
and  successful  history  of  traditional  nav-aids  in  providing 
common  everyday  navigation  around  the  world.  These 


principles  include  the  integrity  of  the  total  navigation 
solution,  system  architecture.  Signal  in  Space  (SIS) 
shadowing,  approach  guidance  path  and  identification, 
guidance  signal  response  time,  monitor  architecture,  SIS 
integrity  and  failure  warning  time,  monitor  failure 
(monitor  fail-safe),  general  comments  on  redundancy, 
and  resistance  to  interference. 

INTEROPERABILITY 

Standards  are  developed  to  prevent  interoperability  issues 
from  arising.  In  the  development  stage  of  these 
standards,  consideration  is  needed  in  establishing 
requirements  that  will  clarify  interfaces  and  requirements 
between  sub-systems.  In  the  case  of  DGPS,  requirements 
and  standards  need  to  be  established  that  allow  all 
aircraft  avionics  and  ground  stations  to  work  together.  In 
initial  implementation  of  the  current  Minimum  Aviation 
System  Performance  Standards  DGNSS  Instrument 
Approach  System:  Special  Category  I  (SCAT  - 1) 
RTCA/DO-217  (MASPS  RTCA/DO-217)‘  several  areas 
were  discovered  that  may  cause  confusion  or 
misinterpretation  that  would  prevent  the  full  capability 
intended  by  the  SCAT  - 1  specifications.  These 
interoperability  issues,  described  in  the  following 
paragraphs,  are:  antenna  siting,  unusable  satellite 
definition,  AEB  definition,  normalized  PRCs,  and 
working  ground  station  definition. 

Unusable  Satellite  Definition 

The  ground  station  definition  of  a  bad  satellite  must  first 
consider  that  the  reference  and  integrity  monitor(s)  must 
both  have  a  satellite  visible  before  declaring  the  satellite 
usable  by  the  aircraft.  Differing  antenna  sitings  of  the 
reference  and  integrity  antennas  could  cause  a  reduction 
of  satellite  availability.  Once  the  reference  and  the 
integrity  monitor  have  established  a  subset  of  available 
satellites,  the  ground  subsystem  then  must  compute 
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similar  PRCs  and  Range  Rate  Corrections  (RRCs)  for  the 
individual  satellite. 

When  comparing  the  reference  and  the  integrity  PRCs 
and  RRCs,  a  limit  must  be  established  on  the  allowable 
deviation.  This  deviation  must  take  into  consideration 
differences  in  clock  offsets  and  clock  drifts  between  the 
reference  and  integrity  monitor  GPS  receivers.  The 
precision  of  the  clocks  in  each  of  the  reference  and 
integrity  monitor  GPS  receivers  will  determine  the 
allowable  limits  on  the  PRCs  and  RRCs  deltas.  This 
limit  must  also  consider  satellite  availability.  Restrictive 
limits  will  reduce  the  set  of  satellites  available  and 
possibly  affect  the  continuity  of  service  for  the  ground 
station. 

One  way  to  accommodate  the  lack  of  a  precise  clock  is  to 
remove  the  clock  bias  before  making  a  comparison. 
Otherwise,  the  difference  limits  would  have  to  include 
the  largest  clock  difference  into  the  allowable  limit 
difference.  The  clock  bias  can  be  computed  by  averaging 
PRC  differences  over  all  satellites  tracked  by  both 
receivers,  with  compensation  for  elevation  angle  affects. 
Satellites  with  the  highest  elevation  should  have  more 
weight  since  these  satellites  are  less  affected  by  noise  and 
multipath. 

If  a  satellite  is  not  available  to  both  reference  and 
integrity  monitor  or  does  not  pass  the  difference  limits  on 
PRCs  or  RRCs,  the  satellite  should  be  marked  as 
unusable  or  removed  from  the  transmitted  message  by  the 
ground  station.  This  is  unclear  in  the  MASPS 
RTCA/DO-217  when  pertaining  to  the  coast  mode.  In 
section  2.2.3. 1.3  it  is  stated  “For  Class  B,  C,  or  D2 
equipment  the  navigation  solution  may  “coast”  with  three 
or  fewer  satellites  for  a  period  of  time  and  still  maintain 
required  system  accuracy.”  To  be  properly  implemented 
an  unusable  satellite  should  be  marked  ‘don’t  use’  if 
integrity  was  not  met,  and  not  simply  removed  from  the 
type  1  message.  This  prevents  the  airborne  subsystem 
from  utilizing  a  known  ‘bad’  satellite  during  a  coast 
mode. 

Lowest  elevation  satellites  have  the  greatest  multipath 
errors,  yet  give  position  calculations  the  best  geometrical 
solutions.  Our  experimentation  shows  that  5-7  degrees 
was  determined  to  be  the  best  mask  angle  for  the  ground 
station  to  provide  satellite  corrections  that  had  the 
cleanest  signals  without  ground  interference.  An  aircraft 
in  flight  will  typically  have  more  satellites  in  view  than 
the  ground  station  due  to  increased  viewable  range, 
although  the  ground  station  may  well  represent  the 
satellites  viewable  at  decision  height  or  runway 
threshold. 


In  establishing  the  ground  stations  observable  satellites, 
either  a  standard  mask  angle  needs  to  be  determined  or  a 
minimum  signal  strength  needs  to  be  defined  before  the 
ground  station  is  permitted  to  report  a  satellite  as 
available. 

AEB  Definition 

The  MASPS  RTCA/DO-217  states  for  AEB  definition 
‘The  estimate  should  be  the  maximum  acceleration 
measured  on  any  visible  and  operating  satellite, 
determined  to  be  valid  by  the  ground  subsystem,  during 
any  15  second  observation  for  at  least  the  previous  30 
minutes,  or  the  period  of  visibility  whichever  is  less”. 
First,  it  is  unclear  if  “acceleration”  is  average 
acceleration  or  instantaneous  acceleration.  If  averaged,  it 
is  unclear  if  a  satellite  should  be  considered  usable 
during  the  first  15  seconds  of  visibility.  A  satellite 
should  not  be  reported  as  usable  for  the  first  15  seconds 
of  visibility  without  being  reported  in  the  AEB 
calculation. 

Since  some  airborne  subsystems  use  AEB  as  a  predictive 
measure,  the  AEB  definition  should  be  exact  so 
implementation  for  all  ground  station  and  avionics 
manufacturers  are  the  same.  If  the  airborne  subsystems 
use  AEB  as  a  predictive  measure,  AEB  should  not  have 
rapid  shifts.  It  is  suggested  that  AEB  be  averaged  over 
15  seconds.  The  accuracy  of  the  ground  station  clock 
will  determine  the  smoothness  of  the  AEB  calculations. 
Therefore,  the  ground  station  clock  should  be  of  equal  or 
greater  accuracy  than  the  avionics  clock.  Anytime  a 
parameter  affects  the  overall  performance  of  the  system, 
like  the  possible  AEB  shifts,  these  parameters  need  to 
have  limits  determined  and  specified  to  avoid  subsystem 
conflicts. 

Normalized  PRCS 

The  ground  station  clock  precision  is  again  an  issue  in 
PRC  and  RRC  calculations.  Without  a  very  precise 
ground  station  clock,  the  clock  will  drift.  It  is  possible 
for  the  clock  to  drift  so  far  as  to  put  the  PRC  and  RRC 
values  outside  of  the  transmittable  ranges  (respectively 
+/-  655.34  m,  +/-4.094  m/s).  Therefore,  to  keep  the  PRC 
and  RRC  values  in  range,  the  clock  must  be  adjusted 
periodically.  During  the  clock  adjust,  PRC  and  RRC, 
and  the  resultant  AEB  values  will  jump.  The  MASPS 
RTCA/DO-217  does  not  specify  if  clock  adjustments  are 
allowed,  and  if  so,  to  what  extent  are  the  PRCs  and  RRCs 
allowed  to  spike  during  adjustment.  The  MASPS 
RTCA/DO-217  does  state  under  section  2.2.3.2.2  “If  the 
receiver  filters  code  or  Doppler  measurements  in 
developing  a  pseudorange  estimate,  the  differential 
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corrections  shall  be  applied  immediately  before 
computing  a  position.  (This  ensures  that  ground  station 
clock  drift  does  not  affect  position  measurement 
accuracy).”  This  implies  that  clock  drift  is  expected  at 
the  ground  subsystem.  But,  without  proper  definition, 
the  airborne  subsystems  and  ground  subsystems  suppliers 
can  implement  different  solutions  that  would  be 
compatible. 

Working  Ground  Station  Definition 

The  MASPS  RTCA/DO-217  does  not  make  it  clear  if  the 
ground  station  should  consider  sending  differential 
corrections  if  less  than  four  GPS  satellites  are  usable  or 
should  the  type  1  message  be  marked  with  “Station  not 
working”.  With  less  than  four  GPS  satellites  in  view, 
differential  corrections  are  invalid  because  clock  drift 
cannot  be  calculated.  It  is  stated,  though,  in  section 
2.3.3.1.1  that  “Use  of  any  other  Global  Navigational 
Satellite  System  (GNSS)  constellation  is  permissible  but 
not  required”.  The  ground  station  should  alert  that  the 
GPS  constellation  is  not  available,  if  GNSS  satellites  are 
not  a  consideration.  The  area  of  cross  utilization  of  GPS 
and  GNSS  needs  further  consideration  in  establishing 
requirements,  particularly  with  respect  to  monitoring. 
This  would  allow  the  avionics  to  ^ply  both  GPS  and 
GNSS  satellites  to  maintain  differential  mode  even 
without  the  required  number  of  GPS  satellites  available. 
For  instance,  under  sections  2.2.3.1.5  it  is  stated  “For 
Class  A  or  D1  equipment,  navigation  for  final  approach 
requires  a  minimum  of  4  satellites  to  be  tracked  for 
which  differential  corrections  are  being  received.”  It  is 
unclear  if  GNSS  satellites  are  permissible  in  this 
definition. 

TRADITIONAL  NAV-AID  CONSIDERATIONS 

As  discussed  in  the  article  ‘Terrestrial  Radionavigation 
Technologies”  ^  in  the  50th  anniversary  issue  of  the  ION 
Journal,  what  are  now  called  “traditional  nav-aids”  have 
established  a  benchmark  of  excellent  performance 
against  which  GPS  based  precision  landing  aids  can  be 
compared.  The  Instrument  Landing  System  (ILS),  which 
is  in  widespread  use  worldwide,  is  the  default  reference 
standard  for  new  precision  landing  systems.  The 
Microwave  Landing  System  (MLS)  has  added  the 
important  new  concepts  of  Path  Following  Error  (PFE) 
and  Control  Motion  Noise  (CMN)  that  are  not  included 
in  MASPS  RTCA/DO-217, 

This  section  discusses  significant  differences  between 
Category  I  ILS  performance,  as  specified  in  ICAO  Annex 
10^,  and  Special  Category  I DGNSS  (SCAT-I) 
performance,  as  specified  in  MASPS  RTCA/DO-217^ 
Accuracy  and  coverage  issues  are  not  discussed  in  this 


section.  The  focus  is  on  a  comparison  of  signal-in-space 
and  monitoring  characteristics  which  mainly  affect 
system  integrity. 

ILS  Block  Diagram 

ICAO  Annex  10  Standards  and  Recommended  Practices 
for  ILS  describes  the  system  block  diagram  shown  in 
Figure  1.  The  ground  system  is  responsible  for  all 
characteristics  of  the  signal  in  space  (SIS).  The  airborne 
system  is  reduced  in  concept  to  the  simplest  possible 
form  to  minimize  the  cost  to  aircraft  owners  and 
minimize  the  pilot/autopilot  workload  without 
compromising  integrity.  Cost  and  workload  burdens  are 
shifted  to  the  ground  system  to  the  fullest  practical 
extent,  where  regulatory  agencies  that  are  charged  with 
maintaining  flight  safety  can  exercise  direct  control  over 
the  integrity  of  the  guidance  signal. 

The  airborne  ILS  receiver  and  autopilot  are  flight  critical, 
which  places  on  them  the  highest  airborne  standards  of 
reliability  and  failsafe  operation.  This  presumes, 
however,  that  a  SIS  is  present  with  a  correct  guidance 
signal  and  correct  runway  identification  code. 

Minimizing  the  amount  of  functionality  within  the  flight 
critical  category  provides  the  lowest  failure  rate  and  cost 
In  operation  the  pilot  simply  selects  the  channel  for  the 
desired  runway  end,  and  listens  for  the  correct  Morse 
code  identification  embedded  in  the  SIS.  If  no  ILS  signal 
is  received,  or  if  the  Morse  code  is  incorrect  or  missing, 
then  the  pilot  knows  that  the  ILS  for  the  selected  runway 
end  is  not  usable.  The  redundancy  consisting  of  selection 
followed  by  verification  is  simple,  low  cost,  reliable,  and 
failsafe  provided  that  the  ground  system  does  not  radiate 
an  out-of-tolerance  guidance  signal  with  a  proper  Morse 
code  identification,  and  provided  that  the  airborne 
equipment  is  of  a  failsafe  design. 

The  SIS,  consisting  of  guidance  and  identification,  is 
created  by  the  ground  transmitter  and  antenna,  which 
provide  most  of  the  SIS  accuracy.  The  rest  of  the  SIS 
accuracy  is  determined  by  signal  propagation  errors,  such 
as  multipath,  which  are  characterized  by  a 
commissioning  flight  test,  and  verified  through  periodic 
flight  inspections.  Undetected  propagation  errors  are  the 
weak  link  in  ILS  integrity.  The  main  characteristic  of 
the  transmitter  that  affects  the  integrity  of  the  SIS  is  that 
it  contains  two  shutdown  control  inputs  such  that  either 
control  input  can  remove  the  entire  SIS.  Therefore, 
except  for  the  redundant  shutdowns,  it  is  not  necessary 
for  the  transmitter  to  be  of  failsafe  design. 

SIS  integrity  is  provided  mainly  by  the  Monitor  and 
Control  functions.  These  functions  are  safety  critical  and 
failsafe.  In  effect,  a  failure  anywhere  within  these 
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functions  will  either  have  no  effect  on  their  ability  to 
shutdown  a  defective  transmitter,  or  will  shutdown  the 
transmitter  regardless  of  whether  it  is  defective  or  not. 
These  false  shutdowns  result  in  a  degradation  in 
availability  and  continuity  of  function,  but  do  not 
compromise  integrity.  Certification  of  the  ground  station 
then  mainly  consists  of  the  commissioning  flight  check 
and  verification  that  the  monitor  and  control  functions 
work  properly. 

The  ILS  SIS  is  usable  to  full  performance  specifications 
for  Category  I,  II,  and  III  by  any  aircraft  type  with  a 
minimum  investment  in  airborne  equipment.  Airborne 
technology  consists  of  simple  Vlff/UHF  receivers  and 
audio  frequency  processing  circuits. 

The  following  is  a  more  detailed  comparison  of  ICAO 
Annex  10  with  MASPS  RTC A/DO-2 17.  The  format  for 
each  topic  is  to  describe  the  ELS  first,  describe  SCAT-I 
second,  and  add  a  general  comment. 

SIS  Shadowing 

ms  -  Full  continuity  of  function  is  provided  for  aircraft 
attitudes  of  up  to  +/-  20  degrees  bank,  +/- 10  degrees 
yaw,  and  +/- 10  degrees  pitch,  in  any  combination. 

SCAT-I  -  Paragraph  2.2.3.1.3  recognizes  that  SIS 
outages  will  occur  with  aircraft  attitude  changes,  and 
allows  for  reacquisition  times  of  5, 10,  or  30  seconds 
depending  on  the  length  of  the  outage.  The  airborne 
equipment  is  allowed  to  “coast”  during  the  reacquisition 
time  using  three  or  fewer  satellites  and  some  means  of 
prediction  of  the  next  true  “fix”.  Inertial  guidance  during 
an  outage  is  also  possible,  but  it  typically  will  be  used 
only  by  aircraft  that  normally  carry  inertial  platforms. 

Comment  -  The  best  way  to  eliminate  the  need  for 
coasting  goes  well  beyond  the  scope  of  SCAT-I  by  adding 
more  ranging  sources,  such  as  the  launch  of  more  GPS 
satellites,  inclusion  of  GLONASS  satellites.  Wide  Area 
Augmentation  System  (WAAS)  GEO  ranging  sources,  or 
local  pseudolites.  Any  of  these  would  help  keep 
shadowing,  due  to  aircraft  maneuvers,  from  reducing  the 
number  of  visible  ranging  sources  below  four.  Any 
approach  that  requires  expensive  airborne  equipment 
would  preclude  the  use  of  the  precision  landing  service 
by  the  operators  of  small  aircraft  Alternatively,  coasting 
during  SIS  outages  may  be  acceptable  for  Category  I 
operations  since  ICAO  states  that  responsibility  for 
meeting  the  global  integrity  risk  factor  “is  vested  more  or 
less  completely  in  the  pilot”. 

Approach  Guidance  Path  and  Identification 


ILS  -  The  ILS  transmits  all  guidance  signals  relative  to 
the  desired  runway  threshold.  The  approach  path 
definition  and  runway  identification  are  high  integrity 
ground  system  functions  that  are  verified  by  a 
commissioning  flight  check,  and  are  subsequently 
controlled  by  the  commissioning  body.  The  localizer  part 
of  the  ILS  transmits  unique  Morse  Code  identification 
specific  to  each  runway  and  approach  direction  on  the 
same  radio  frequency  carrier  as  the  guidance  signal 
without  interfering  with  the  guidance  signal.  The 
identification  signal  is  transmitted  at  least  six  times  per 
minute,  and  is  suppressed  whenever  the  guidance  signals 
are  not  usable.  The  Morse  code  provides  positive 
confirmation  that  the  correct  runway  end  is  selected.  The 
Morse  code  is  the  letter  I  followed  by  a  unique 
combination  of  three  letters  and  numerals. 

SCAT-I  -  Runway  threshold  identification  and  approach 
path  definition  (waypoint  data)  are  contained  only  in 
Message  Type  4,  which  is  optional.  Moving  these 
functions  to  the  airborne  receiver  also  moves  the  data 
integrity  risk  with  them,  which  conflicts  with  the  ICAO 
principle  of  simplifying  the  airborne  equipment  for  low 
cost  and  complexity.  Guidance  information  is  created  by 
the  airborne  receiver  comparing  GPS  position  updates 
(corrected  by  the  broadcast  differential  corrections)  with 
the  approach  path  definition  waypoints. 

Comment  -  The  ILS  precedent  suggests  that  the  high 
integrity  functions  of  approach  path  (waypoint)  definition 
and  runway  identification  be  kept  in  the  ground  station. 
This  can  be  done  by  making  Message  Type  4  mandatory, 
and  remove  the  responsibility  for  correct  waypoint 
definition  from  the  airborne  equipment.  Reliable 
transmission  of  this  data  from  the  ground  to  the  air  is 
well  covered  in  MASPS  RTCA/DO-217.  Tailoring  of  the 
approach  path  to  fit  specific  aircraft  types  (if  desired) 
could  still  be  accomplished  in  the  aircraft  equipment  by 
generating  different  paths  that  are  referenced  to  the  high 
integrity  path  contained  in  Message  Type  4. 

Guidance  Signal  Response  Time 

ILS  -  The  SIS  is  a  continuous  amplitude  modulated 
radio  signal.  The  system  response  time  is  governed  by  the 
aircraft  receiver  operating  in  accordance  with  a  particular 
airborne  receiver  specification,  since  ICAO  Annex  10 
does  not  specify  a  requirement.  A  typical  specification  is 
ARINC  710  which  states  that  the  Course  Deviation 
Indicator  (CDI)  needle  deflection  must  reach  63%  of  it’s 
final  position  within  0.1  second  of  a  half-scale  step 
change  in  the  signal-in-space.  ARINC  429  and  ARINC 
7 10  also  provide  for  ILS  receiver  deviation  updates  of  at 
least  15  per  second  (20  preferred)  on  the  ARINC-429 
bus. 
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SCAT-I  -  GPS  receiver  updates  occur  at  discrete  times. 
Paragraph  2.2. 1.9  of  MASPS  RTC A/DO-2 17  specifies  a 
display  update  rate  of  5  per  second  with  no  more  that  0.2 
seconds  difference  between  the  time  tag  of  the  position 
estimate  and  the  time  at  which  the  guidance  signal  is 
presented  to  the  display.  Prediction  of  future  (or 
intermediate)  display  indications  based  on  Differential 
Global  Satellite  System  (DGNSS)  velocity  (extrapolation 
or  interpolation)  is  allowed  provided  that  no  instability 
occurs  due  to  the  presence  of  wind  gusts  or  reasonable 
pilot  control  commands.  More  stringent  requirements 
may  be  necessary  when  driving  an  autopilot. 

Comment  -  Verification  of  the  MASPS  RTC  A/DO-2 17 
stability  condition  is  yet  to  be  determined. 

Monitor  Architecture 

ILS  -  As  seen  in  Figure  1  the  ILS  monitor  primarily 
samples  the  output  of  the  transmitter  with  special  RF 
sampling  devices,  and  secondarily,  samples  intermediate 
signals  from  the  transmitter  and  the  radio  field.  The 
designs  of  the  monitor  and  control  functions  are 
fundamentally  different  from  the  transmitter  thus 
minimizing  possible  common  mode  errors.  The  monitor 
views  the  transmitter  signals  as  though  it  were  a 
precision  aircraft  receiver  at  a  fixed  location.  ILS 
monitored  parameters  are  then  defined  in  terms  that 
correlate  to  position  relative  to  the  runway  threshold. 

This  type  of  “position  monitoring”  derives  naturally  and 
intuitively  from  the  type  of  signals  generated  by  the  ILS 
ground  transmitter.  The  system  effect  upon  detection  of 
failure  is  that  the  ILS  must  cease  radiation  of  guidance 
signals. 

SCAT-I  -  There  are,  by  necessity,  three  different 
monitors  in  a  IXjNSS.  By  providing  differential 
corrections,  the  basic  function  of  the  DGNSS  is  a  GPS 
constellation  integrity  monitor.  The  constellation  monitor 
and  differential  corrections  must  then  be  monitored  for 
correctness.  Lastly,  the  signals  broadcast  by  the  DGNSS 
ground  station  must  be  monitored.  The  SCAT-I  ground 
station  requirements  do  not  clearly  define  the  partitioning 
between  the  three  monitor  types.  The  specified  integrity 
monitor  monitors  the  DGNSS  broadcast,  and  uses  a 
voting  scheme  in  which  two  very  similar  (or  identical) 
constellation  monitors  are  compared  with  each  other  such 
that,  if  they  do  not  agree,  a  fault  is  declared.  This  type  of 
monitoring  may  be  susceptible  to  common  mode  errors, 
i.e.,  if  both  paths  make  a  common  mistake  it  may  not  be 
detected  since  they  both  agree. 

Comment  -  MASPS  RTC  A/DO-2 17  should  be  revised 
to  clearly  differentiate  between  the  three  monitors  and 


adopt  appropriate  requirements  for  each.  MASPS 
RTCA>i)0-217  should  also  be  revised  to  account  for  the 
possibility  of  common  mode  error  contributions  to  loss  of 
integrity.  Note  that  common  mode  errors  tend  to  be  very 
difficult  to  predict. 

SIS  Integrity  and  Failure  Warning  Time 

ILS  -  SIS  integrity  resides  primarily  in  the  monitor  and 
control  functions.  This  is  a  simple,  conservative,  and 
widely  accepted  philosophy.  The  ILS  monitor  and 
control  functions  have  shutdown  control  over  the  ILS 
SIS.  The  transmitter  may  have  single  or  multiple  failures 
and,  if  an  out-of-tolerance  SIS  is  created,  the  monitor 
will  detect  the  out-of-tolerance  condition  (to  some  level 
of  integrity  risk)  and  the  control  function  will  remove  the 
SIS.  The  glideslope  SIS  is  removed  (or  changed-over  to 
the  standby  equipment  for  a  dual  transmitter  station) 
within  six  seconds  of  the  onset  of  an  out-of-tolerance 
condition.  Upon  removal  of  the  SIS  the  problem 
becomes  one  of  missed  approach  procedures.  If  this 
happens  too  often  then  availability  and  continuity  of 
function  are  degraded  (but  not  integrity).  The  time 
duration  of  six  seconds  is  reduced  to  one  second  for 
Category  III  stations. 

SCAT-I  -  The  GPS  constellation  radiates  continuously 
and  is  not  subject  to  control  by  the  DGNSS.  The  GPS 
constellation  itself  does  not  provide  timely  warnings  (less 
than  six  seconds)  of  satellite  errors.  The  DGNSS 
provides  indirect  monitoring  of  individual  GPS  satellites 
by  broadcasting  pseudorange  corrections. 

Comment  -  In  keeping  with  the  conservative  ICAO 
philosophy,  the  unaugmented  GPS  constellation  should 
be  considered  to  have  an  integrity  value  of  zero  within  a 
six  second  window  of  failure  warning.  MASPS 
RTCA/DO-217  should  be  revised  to  provide  individual 
satellite  integrity  warnings,  and  aircraft  on  precision 
approach  should  not  be  allowed  to  use  the  GPS  signals 
unless  the  DGNSS  provides  a  positive  indication  that 
each  satellite  in  use  for  that  approach  is  healthy. 

Also,  the  conservative  monitoring  philosophy  of  ILS 
should  be  adopted.  This  philosophy  is  that  guidance 
signal  sources  are  not  to  be  trusted.  Integrity  should  be 
vested  in  the  monitoring  and  control  functions  to  the 
fullest  practical  extent.  This  philosophy  applies  equally 
to  both  GPS  and  other  GNSS  satellites  that  may  be  added 
to  the  total  navigation  solution. 

Monitor  Failure  (Monitor  Fail-Safe) 

ELS  -  The  essence  of  the  text  of  ICAO  Annex  10  is  as 
follows:  “Design  and  operation  of  the  monitor  system 
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shall  be  consistent  with  the  requirement  that ...  radiation 
shall  cease ...  in  the  event  of  failure  of  the  monitor 
system  itself’. 

SCAT-I  -  No  requirement. 

Comment  -  Wording  similar  to  the  ILS  requirement 
should  be  adopted  for  each  monitor  type. 

General  Comments  on  Redundancy 

Dual  ground  transmitters  improve  availability  and 
continuity  of  service  of  the  SIS  by  quickly  providing  (less 
than  6  seconds)  replacement  equipment  to  continue 
transmitting  a  within-tolerance  SIS. 

Dual  ground  station  monitoring,  such  that  either  monitor 
can  keep  the  transmitter  on  the  air,  improves  continuity 
of  service  and  availability  by  preventing  a  failure  in  one 
monitor  from  removing  an  in-tolerance  SIS. 

Multiple  aircraft  receivers  improve  the  probabUity  of 
mission  success.  Airborne  equipment  is  of  a  failsafe 
design  such  that  a  component  failure  in  the  equipment 
causes  either  no  effect  on  the  guidance  display  or  a 
complete  loss  of  the  guidance  display  (flag  in  view).  The 
pilot,  or  autopilot,  then  has  the  option  of  immediately 
switching  to  the  standby  equipment  for  guidance. 

Interference  Resistance 

ILS  -  ILS  operates  completely  within  bands  that  are 
protected  by  international  treaty  for  ILS  and  VOR  use 
only.  Resistance  to  in-band  adjacent  channel  interference 
and  out-of-band  spurious  signals  is  normally  specified  in 
documents  such  as  ARINC  710,  RTCA/DO-195,  and 
RTC A/DO- 192.  ICAO,  however,  has  recently  added  a 
requirement  that  new  localizer  airborne  receivers  be 
resistant  to  FM  broadcast  interference,  which  is  the  most 
troublesome  out-of-band  unintentional  interference 
source.  ICAO  now  requires  that  a  localizer  receiver 
operating  with  a  desired  signal  at  -86  dBm  and  receiving 
two  interfering  signals  in  the  FM  broadcast  band  at  -10 
to  +15  dBm  (two-tone  intermodulation  test)  not  produce 
more  than  a  10%  change  in  CDI  deflection. 

Resistance  to  intentional  jamming  or  spoofing  is  not  an 
explicit  part  of  the  system  design,  but  the  ILS  contains 
some  built-in  rejection  characteristics.  Since  the  system 
uses  narrowband  AM  modulation  the  interfering  signal 
would  need  to  be  nearly  the  same  strength  as  the  ILS 
signal  and  be  on-channel  to  have  an  effect.  Also,  as  the 
aircraft  approaches  closer  to  the  airport  the  necessary 
interference  power  increases  as  the  inverse  square  of  the 
distance  of  the  aircraft  from  the  ILS  transmitting 


antennas.  At  the  decision  height  the  aircraft  is  very  close 
to  the  glideslope  transmitter,  which  is  typically  located 
very  near  the  runway  threshold. 

SCAT-I  -  Resistance  of  the  GPS  receiver  to  out-of-band 
continuous  wave  interference  is  specified. 

Comment  -  MASPS  RTCA/DO-217  should  add 
requirements  for  resistance  to  in-band  CW  interference, 
and  in-  or  out-of-band  pulse  type  interference  (since  GPS 
operates  in  a  frequency  region  where  pulse  modulation  is 
extensively  used).  Requirements  for  resistance  to 
intentional  interference  should  also  be  adopted,  since 
GPS  transmitters  are  much  farther  away  from  the  user 
receivers,  thus  making  it  much  easier  to  produce 
interference.  In  effect,  many  GPS  users  could  be  affected 
at  one  time  by  a  single  interference  source  of  relatively 
low  power. 

Another  reason  for  adding  interference  requirements  is 
the  publication  of  the  relatively  recent  (January  1994) 
U.S.  Department  of  Transportation  (DOT)  Strategic 
Plan^,  in  which  the  DOT  establishes  the  goal  to  “Promote 
Safe  and  Secure  Transportation”.  This  plan  further 
specifies  that  the  DOT  will  “Identify  and  implement  new 
measures  to  enhance  security  on  all  modes  of 
transportation  to  achieve  personal  security  and  national 
security  goals.” 

SUMMARY 

In  establishing  the  standards  for  interoperability  between 
the  ground  station  and  the  airborne  equipment,  the 
standards  should  be  defined  to  prevent  conflict  or 
misinterpretations  by  differing  manufacturers.  Also  in 
establishing  standards,  knowledge  gained  from  years  of 
traditional  navigation  experience  should  be  brought  into 
consideration. 
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ABSTRACT 

The  concept  of  using  a  pseudolite  (PL)  in  the  reverse 
mode  where  the  PL  is  positioned  with  respect  to  receivers 
deployed  at  known  points  is  presented.  In  order  to 
eliminate  clock  and  other  code  and  carrier  phase  biases, 
two  types  of  double  differencing  approaches  are 
described  and  analyzed,  namely  double  differencing 
between  two  receivers  (RX),  one  space  vehicle  (SV)  and 
one  fixed  or  mobile  PL,  and  double  differencing  between 
two  RX,  one  fixed  PL  and  one  mobile  PL.  The  PL  and 
GPS  receiver  modifications  required  to  implement  this 
concept  are  described.  The  results  of  an  initial  test 
conducted  in  a  land  vehicle  at  Holloman  AFB,  N.M., 
under  the  direction  of  the  746th  Test  Squadron  are 
described.  The  test  range  consisted  of  a  600m  course 
surrounded  by  six  receivers  deployed  in  a  non-coplanar 
configuration  at  distances  ranging  from  100m  to  1,500m 
from  the  vehicle.  The  PL  code  and  carrier  phase  data  was 
used  to  assess  its  quality  in  terms  of  equipment  noise, 
multipath,  cycle  slips,  etc.  The  data  was  also  analyzed  in 
the  position  domain  to  assess  the  differential  positioning 
performance  of  this  augmented  GPS  system.  Further 
development  and  testing  plans  are  outlined,  with 
emphasis  on  enhancing  GPS-based  testing  capabilities  at 
the  746th  Test  Squadron. 

INTRODUCTION 

A  novel  flight  reference  system  concept  has  been 
developed  by  the  746th  Test  Squadron  in  anticipation  of 
future  testing  requirements.  The  purpose  of  this  system  is 
to  provide  a  reference  (true)  trajectory  for  aircraft  against 
which  other  navigation  systems  can  be  tested  and 
analyzed.  At  the  top  level,  there  are  three  driving 
requirements  for  this  system,  including  i)  very  high 
position  and  velocity  accuracy  (on  the  order  of  0.1m  and 
0.005m/s),  ii)  ability  to  easily  install  on  all  aircraft  in  the 


Air  Force  inventory,  and  iii)  ability  to  operate  in  the 
presence  of  jamming  at  GPS  frequencies. 

The  reference  system  concept  which  is  expected  to  meet 
these  requirements  is  shown  in  Figure  1.  This  system 
represents  an  inverse  of  the  procedure  normally  used  to 
perform  precise  carrier-phase  positioning.  Normally, 
relative  positioning  is  performed  between  two  GPS 
receivers  tracking  many  common  GPS  satellites,  and 
optionally  from  one  or  more  ground-based  fixed 
pseudolites.  In  the  new  reference  system  concept,  relative 
positioning  is  performed  between  two  pseudolites 
transmitting  GPS-like  signals  which  are  collected  by 
many  common  GPS  receivers  at  precise  three- 
dimensional  coordinates  on  the  ground.  If  one  of  the 
pseudolites  is  at  a  fixed,  known  point  on  the  ground,  then 
the  position  of  the  mobile  pseudolite  (which  is  on  the 
aircraft)  can  be  determined. 


Mobile  Pseudolite 
(on  aircraft) 


Figure  1:  Inverted  Pseudolite  Reference 
System  Concept 

This  configuration  boasts  two  distinct  advantages  over  the 
traditional  concept  of  placing  the  GPS  receiver  in  the 
aircraft.  First,  immunity  to  intentional  GPS  jamming  is 
gained  by  placing  the  receivers  on  the  ground,  away  from 
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the  focus  of  the  jamming  beam  on  the  aircraft.  Any 
residual  jamming  signals  on  the  receivers  can  be  shielded 
locally  at  each  receiver  as  shown  in  Figure  2.  This 
concept  is  currently  being  tested  by  the  746th  Test 
Squadron. 


idolite 


Jamming 

Source 


Pseudbiy 


Central  Processing 
Station 


A,  B;  C,  D,  E  -  GPS  Receivers 


Figure  2:  Receiver  Shielding  During  Jamming 

Secondly,  flexibility  is  gained  and  cost  is  reduced  by 
placing  most  of  the  hardware  and  software  infrastructure 
on  the  ground,  where  power,  size,  and  computational  load 
constraints  can  be  more  easily  accommodated.  The  only 
equipment  required  on-board  the  aircraft  is  a  GPS 
pseudolite  and  antenna,  which  are  relatively  small  and 
could  be  easily  placed  on  most  aircraft,  using  several 
placement  options  (empty  missile  pod,  empty  fuel  tank, 
wing/fuselage  mount,  etc.). 

This  paper  presents  test  results  from  a  proof-of-concept 
test  which  took  place  at  the  746th  Test  Squadron  in  April, 
1995.  The  results  demonstrate  the  feasibility  of 
generating  an  accurate  trajectory  of  a  transmitting 
pseudolite  on  a  mobile  platform. 

In  the  past,  pseudolites  have  been  shown  to  improve  GPS 
signal  geometry  for  mobile  receivers.^  Pseudolites  have 
also  been  used  to  help  with  ambiguity  resolution  and 
autonomous  integrity  monitoring  during  aircraft  precision 
approach  and  landing.^’^’"*  This  is  the  first  time  that  the 
pseudolite  itself  has  been  positioned  using  carrier-phase 
data  in  a  double-difference  mode. 

TEST  DESCRIPTION 

The  746th  Test  Squadron  mobile  test  van  was  selected  as 
the  mobile  platform  for  this  proof-of-concept  test.  The 
van  is  a  modified  touring  bus  with  on-board  power 
supplies,  antenna  mounts,  and  equipment  racks  which 
make  it  ideally  suited  for  this  type  of  mission. 


Finding  an  adequate  test  site  for  this  test  was  a  challenge. 
In  order  to  obtain  a  reasonable  three-dimensional 
solution,  it  was  important  for  the  ground  receivers  to  be 
placed  in  a  configuration  that  was  as  non-coplanar  as 
possible  to  avoid  a  critical  configuration  singularity. 
This  meant  that  the  receivers  needed  to  be  placed  at 
varying  altitudes.  Another  constraint  was  that  each 
receiver  had  to  maintain  signal  lock  with  the  pseudolite 
for  the  entire  test  route.  This  meant  that,  at  a  minimum, 
line-of-sight  was  to  be  maintained  between  the  ground 
receivers  and  the  moving  vehicle.  Additionally,  the  range 
between  each  receiver  and  the  pseudolites  was 
constrained  by  the  dynamic  range  of  the  pseudolites 
(-100- 1000m).  After  two  days  of  initial  system 
checkouts  and  testing,  the  test  route  shown  in  Figure  3 
was  selected.  This  route  covered  a  segment  of  straight, 
level  road.  A  large  hill  was  located  to  the  northeast  of  the 
road,  which  permitted  placement  of  the  receivers  at 
varying  altitudes  while  maintaining  line-of-sight  to  the 
vehicle.  The  total  length  of  the  test  route  was  600m. 
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Figure  3:  Receiver  Geometry  of  Test  (6  Receivers) 
(Nominal  Altitude  (m)  Above  Trajectory  in  Parenthesis) 


A  total  of  six  fixed  receivers  were  used  for  the  test.  The 
positions  of  the  receivers  relative  to  the  test  route  are 
shown  in  Figure  3.  The  nominal  height  difference 
between  the  test  route  (which  was  nearly  level)  and  each 
receiver  is  given  in  parenthesis.  A  vehicle  (car  or  pickup) 
was  placed  at  each  receiver  location  to  provide  power. 
Receivers  1  through  5  were  12-channel  NovAtel  model 
3151R  receivers  in  Powerpack™  enclosures.  Data  was 
transferred  real-time  through  the  RS-232  port  for  storage 
on  separate  laptop  computers.  Receiver  6  was  a  NovAtel 
PC  card  model  395 IR  that  was  mounted  directly  in  a 
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laptop  computer.  All  of  the  receivers  used  NovAtel's 
Narrow  Correlator™  technology.^  NovAtel  model  501 
dome  antennas  were  used  with  each  receiver.  The 
antennas  for  receivers  2-6  were  mounted  directly  on  the 
roof  of  the  vehicles  with  a  magnetic  mount.  In  order  to 
improve  reception  along  the  test  trajectory,  the  antennas 
were  placed  on  the  edge  of  the  vehicle  roofs  at  a  10°-20° 
inclination  towards  the  trajectory.  The  antennas  for 
receiver  1  and  the  fixed  pseudolite  were  mounted  on 
surveying  tripods  in  pickup  truck  beds.  All  receivers  and 
the  fixed  pseudolite  remained  stationary  during  the  entire 
test. 

The  coordinates  of  the  fixed  GPS  receivers  were 
determined  from  GPS  measurement  data  collected  by  the 
receivers  themselves.  First,  a  floating  ambiguity  survey 
was  performed  between  receiver  4  and  the  746th  Test 
Squadron  reference  receiver,  located  1 6km  away  from  the 
test  site.  From  that  point  on,  the  position  of  receiver  4 
was  considered  the  true  reference  point  against  which  all 
other  positioning  was  performed.  Next,  each  fixed  GPS 
receiver  was  positioned  using  an  integer  ambiguity 
solution  relative  to  each  of  the  other  GPS  receivers,  using 
about  two  hours  of  data  and  the  SEMIKIN™  software.^  A 
network  adjustment  algorithm  was  then  used  to  combine 
this  redundant  set  of  relative  surveys  to  generate  the  final 
positions  of  each  of  the  fixed  receiver  antennas.  Using 
this  method,  the  estimated  relative  positioning  accuracy 
of  the  fixed  receivers  is  1-2  cm. 

The  pseudolite  transmitters  were  Stanford  Telecom 
Model  7201  Wideband  Signal  Generators.  The  data  rate 
for  the  broadcast  was  set  at  50  bps,  and  a  prerecorded 
GPS  message  was  transmitted.  Two  Mini-Circuits 
broadband  amplifiers  were  used  to  amplify  the  RF  output 
from  its  standard  level  of  -50  dBm  to  an  output  of 
between  -15  dBm  and  -10  dBm  in  order  to  obtain  the 
desired  transmission  range.  Each  unit  was  controlled  by  a 
laptop  computer  running  an  in-house  Stanford  Telecom 
software  product  called  Synchronicity'*'^*,  which  was 
designed  to  simulate  GPS,  WAAS,  and  other  pseudolite 
environments. 

The  fixed  and  mobile  pseudolites  transmitted  on  Li  using 
the  PRN  10  and  PRN  8  gold  codes,  respectively.  Each  of 
the  receivers  had  the  first  two  channels  manually  locked 
onto  PRN  10  and  PRN  8,  and  the  remaining  10  channels 
remained  free  to  receive  as  many  GPS  satellites  as 
possible.  No  other  modifications  were  made  to  the 
pseudolites  or  the  receivers.  Single  frequency  (Li) 
pseudorange,  carrier  phase,  and  Doppler  measurements 
were  collected  at  a  2  Hz  rate  from  the  pseudolites  and 
each  tracked  satellite. 


The  fixed  pseudolite's  antenna  was  mounted  on  a  tripod  in 
the  back  of  a  pickup  truck  in  a  position  visible  to  all  of 
the  fixed  receivers.  The  position  of  the  pseudolite 
antenna  was  determined  by  attaching  one  of  the  NovAtel 
GPS  receivers  to  the  antenna  for  a  GPS  survey  (relative  to 
the  fixed  GPS  receivers)  after  the  pseudolite  testing  was 
complete. 

Three  phases  of  testing  were  performed  on  April  7,  1995. 
Each  phase  consisted  of  several  passes  along  the  test  route 
at  speeds  between  5  and  20  m/s.  During  one  of  the 
phases,  pseudolite  8  was  mounted  on  the  roof  of  the  test 
van,  and  pseudolite  10  was  placed  at  the  fixed  location 
shown  in  Figure  3.  The  majority  of  this  paper  describes 
the  analysis  of  this  data.  During  another  phase,  both 
pseudolites  were  mounted  on  the  test  van — one  towards 
the  front  and  one  towards  the  rear.  The  data  from  this 
phase  has  not  yet  been  analyzed,  and  no  results  are 
presented  in  this  paper.  During  the  last  phase,  receiver  1 
was  mounted  on  the  bus,  using  the  same  antenna  that  had 
been  used  earlier  by  the  mobile  pseudolite.  During  this 
phase,  the  receiver  collected  measurements  from  the  fixed 
pseudolite  and  all  visible  GPS  satellites.  As  described 
later  in  the  paper,  this  mobile  receiver  data  has  proven 
helpful  in  characterizing  the  performance  of  the  mobile 
pseudolite  positioning  algorithms. 

MEASUREMENT  DOMAIN  ANALYSIS 

Before  attempting  to  generate  a  position  solution,  the  raw 
measurements  were  analyzed  to  determine  basic 
measurement  quality.  Of  primary  interest  was  the  effect 
of  multipath  on  the  code  and  carrier  measurements.  High 
levels  of  multipath  were  expected  because  both  the 
receivers  and  pseudolites  were  ground-based,  and  the 
GPS  signal  would  have  many  potential  reflected  paths  in 
addition  to  the  straight-line  path. 

The  placement  of  the  pseudolite  antenna  on  the  test  van 
was  also  conducive  to  multipath.  In  order  to  increase 
reception  at  low  elevations  and  to  maximize  visibility  to 
the  fixed  receivers,  the  pseudolite  antenna  was  mounted 
on  a  wood  post  25  cm  above  a  fiat  Im  x  Im  metal  plate, 
which  was  itself  mounted  21  cm  above  the  rounded  metal 
roof  of  the  test  van.  While  this  configuration  was 
necessary  to  accommodate  the  necessary  constraints  in  a 
ground-based  test,  it  did  create  ideal  conditions  for 
multipath  (a  worst  case  scenario). 

Additionally,  significant  multipath  was  anticipated 
because  the  signal  to  noise  ratio  (C/Nq)  on  each  of  the 
receivers  tended  to  noticeably  drop  whenever  there  was 
relative  motion  between  the  pseudolite  and  receiver 
antennas.  This  effect  may  have  been  caused  by 
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uncharacteristically  high,  rapidly  changing  levels  of 
multipath,  due  to  the  large  potential  for  reflected  signals 
described  above. 

Analysis  was  performed  on  the  data  collected  during  all 
phases  of  the  test,  but  all  results  in  this  paper  are  shown 
for  a  1673  sec  time  period  when  one  pseudolite  was 
mounted  on  the  van  and  the  other  pseudolite  was  at  a 
fixed  site  on  the  ground.  This  time  period  was  the  only 
large  segment  in  which  all  six  receivers  maintained 
continuous  carrier  lock  on  both  of  the  pseudolites  with  no 
cycle  slips  (cycle  slip  detection  and  correction  were  not  of 
primary  importance  in  this  proof  of  concept 
demonstration).  The  measurement  data  from  this  time 
period  are  representative  of  the  entire  test. 

Code/carrier  difference  plots  are  shown  in  Figure  4.  The 
motion  of  the  mobile  pseudolite  can  be  inferred  from  the 
bottom  plot,  which  shows  latitude  as  a  function  of  time. 
Because  carrier  phase  multipath  is  very  small  relative  to 
code  multipath,  the  code  minus  carrier  difference  is  a 
good  measure  of  code  multipath  (plus  measurement 
noise).  As  expected,  there  is  a  relatively  high  level  of 
multipath  variation  in  the  signal  from  the  mobile 
platform.  This  multipath  correlates  strongly  with  vehicle 
motion.  In  contrast,  the  signal  from  the  stationary 
pseudolite  is  relatively  flat  (note  the  difference  in  scale). 
This  does  not  mean  that  there  is  no  multipath,  but  that  the 
multipath  (if  any)  is  nearly  constant.  The  apparent 
multipath  from  the  satellite  is  relatively  small  in 
magnitude  from  the  moving  pseudolite,  and  is 
uncorrelated  with  vehicle  motion  (since  the  receiver  is  on 
the  ground).  Note  that  the  receivers  used  in  this  test 
feature  NovAtel’s  Narrow  Correlator  Spacing™ 
technology,  which  reduces  code  multipath  effects.^ 

POSITION  DOMAIN  ANALYSIS 

The  primary  goal  for  this  test  was  to  demonstrate  the 
ability  to  position  a  mobile  pseudolite  using  carrier  phase 
processing  techniques.  This  case  is  analogous  to  the  more 
typical  case  of  positioning  a  GPS  receiver  (differentially) 
using  GPS  satellites.  The  two  pseudolites  in  this  test 
correspond  to  the  two  receivers  in  the  typical  case,  and 
similarly  the  fixed  receivers  on  the  ground  correspond  to 
the  satellites.  By  considering  the  problem  this  way, 
standard  methods  for  ambiguity  resolution  and 
positioning  were  utilized  to  generate  the  desired 
trajectory.  Two  types  of  double  differencing  were  used  in 
the  position  domain  analysis. 

Type  1  double  differencing  (SV  as  base):  This  type  of 
double  differencing  is  between  two  receivers  (RX),  a 
mobile  pseudolite  (PL)  on  the  test  van,  and  a  space 
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Figure  4:  Code  Minus  Carrier  for  Receiver  1 
(All  plots  on  identical  time  scale, 
bottom  plot  shows  movement  of  mobile  pseudolite) 


GPS  Satellite 


vehicle  (SV)  as  the  base  transmitter  (analogous  to  the 
base  receiver  in  a  typical  case).  See  Figure  5. 

With  type  1  double  differencing,  all  clock  errors  are 
eliminated,  and  differential  atmospheric  errors  are 
insignificant  (for  the  short  baseline  of  this  test  case).  The 
positioning  geometry  (DOP)  is  a  function  of  the  relative 
location  of  the  mobile  pseudolite  and  the  receivers  on  the 
ground.  The  GPS  SV  is  used  only  in  the  double 
difference  process  to  remove  some  of  the  errors,  and  it 
has  no  bearing  on  the  DOP  values.  A  plot  of  the  VDOP 
(vertical)  and  HDOP  (horizontal)  values  is  shown  in 
Figure  6  as  a  function  of  time.  The  latitude  is  also  given 
to  demonstrate  that  the  DOP  values  are  a  function  of  the 
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position  of  the  mobile  pseudolite.  Note  the  relatively 
high  values  for  VDOP  (between  10  and  13),  caused  by 
having  all  of  the  receivers  and  the  moving  pseudolite  in 
nearly  the  same  plane. 
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Figure  6:  Dilution  of  Precision  (DOF)  Plots 


For  a  fixed  set  of  double  difference  integer 
ambiguities  VAN  and  carrier  phase  measurements 
VAO ,  the  measurement  residual  is  defined  as 


^  yAO+VAN  y^^ccdc(PnMe^Pbase^PrecvFrec2^'”Prec^  (0 
"measuredvalue"  '  "expectivdue"  ' 


where  VARca/c  is  the  calculated  double  difference  of  the 
ranges,  based  upon  the  position  of  the  mobile  PL 
(P mobile  X  i^^se  SV  ),  and  the  positions  of  each 

of  the  six  receivers  ( P  i  ^  P  2  ’  •  *  •  P  6  )•  i*^ 

this  residual  as  a  function  of  errors  in  the  assumed 
positions  of  the  PL,  SV,  and  receivers  is  expressed  by 
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where  ej,  is  the  unit  line-of-sight  vector  from  the  mobile 
PL  to  receiver  k,  el  is  the  unit  line-of-sight  vector  from 
the  base  SV  to  receiver  k,  and  i^  ^  design 

matrix  in  which  the  row  is  ejJ  ~  and  all  other  rows 


are  0.  In  this  case,  receiver  6  was  chosen  as  the  common 
receiver  in  order  to  minimize  the  vertical  dilution  of 
precision  (VDOP)  term.  Because  the  receivers  and  the 
roving  PL  are  very  close  to  each  other  relative  to  their 

distance  from  the  S V,  for  all  combinations  x  and 

y.  This  means  that  «  0,  and  the  residual  error 
equation  becomes 
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M 

To  determine  the  position  of  the  roving  PL  {f mobile)^  ^ 
nominal  position  is  chosen.  The  error  in  this  position  is 
calculated  using  the  least  squares  method  under  the 
assumption  that  the  errors  in  receiver  positions  are  zero: 

^ P  mobile  ~  ^  mobile  ^  mobile  ^  ^  mobile^^  (^) 

The  roving  pseudolite  position  is  then  corrected  by 
^Pmobiie  5  ^  set  of  residuals  are  calculated,  and  the 
process  is  repeated  until  the  solution  has  sufficiently 
converged. 

Type  2  double  differencing  (PL  as  base):  This  type  of 
double  differencing  is  the  same  as  type  1,  except  that  the 
space  vehicle  used  as  the  base  transmitter  has  been 
replaced  by  a  fixed  pseudolite  (see  Figure  7). 


Figure  7:  Type  2  Double  Differencing  (PL  as  Base) 


With  type  2  double  differencing,  all  of  the  sensitivity  (H) 
matrices  in  equation  2  are  non-zero  and  cannot  be 
eliminated.  The  roving  pseudolite  position  is  calculated 
in  the  same  manner  as  type  1  double  differencing  (using 
equation  4),  only  in  this  the  errors  in  the  base  pseudolite 
position  are  also  assumed  to  be  zero.  The  VDOP  and 
HDOP  values  for  this  case  are  the  same  as  those  shown  in 
Figure  6.  Measurements  from  the  GPS  SV's  were  used  to 
provide  a  common  time  base  for  each  of  the  receivers,  but 
they  are  not  used  in  the  double  differencing  process. 
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Double  difference  ambiguity  resolution.  To  generate 
the  most  accurate  solution,  the  correct  set  of  integer 
ambiguities  VAN  must  be  determined.  Standard 
amb^' Tuity  resolution  techniques  were  employed  which 
included  generating  an  initial  estimate  of  the  ambiguities 
(using  code  minus  carrier  double  differences),  generating 
an  integer  search  space  about  the  initial  estimate, 
calculating  the  sum  of  squares  of  the  residuals  for  each  of 
the  candidate  ambiguity  sets,  and  selecting  the  correct 
ambiguity  set  based  upon  a  statistical  criterion.^  For  the 
cases  at  hand,  the  residuals  over  the  entire  trajectory  were 
calculated  for  each  candidate  integer  ambiguity  set. 

For  type  2  double  differencing  (PL  as  base),  the  above 
procedure  seemed  to  work  very  well,  generating  a 
trajectory  which  closely  matched  the  known  trajectory  (as 
described  below),  and  which  had  low  measurement 
residuals  throughout.  However,  in  the  type  1  case,  the 
correct  set  of  integer  ambiguities  was  not  definitely 
identified.  The  ambiguity  set  with  the  minimum  residuals 
did  not  generate  a  valid  solution  (the  altitude  was  several 
meters  below  the  known  altitude).  This  apparent 
inconsistency  is  due  to  the  faulty  assumption  that  the 
errors  in  receiver  positions  (6p^^^)  were  zero.  The 
relative  positioning  accuracy  of  the  receivers  is  actually  1 
cm,  which  is  about  the  same  magnitude  as  the  residuals 
themselves  (for  the  correct  set  of  ambiguities).  The 
residuals  are  therefore  highly  dependent  not  only  upon 
the  position  of  the  roving  receiver,  but  also  the  position 
errors  in  the  fixed  receivers.  Equation  4,  however, 
attempts  to  minimize  the  residuals  by  only  varying  the 
roving  receiver’s  position.  In  effect,  the  receiver 
positioning  errors  are  adding  “noise”  to  the  residuals, 
because  they  have  not  been  properly  accounted  for  from 
an  estimation  point  of  view.  Efforts  are  currently 
underway  to  explicitly  model  some  or  all  of  the  receiver 
position  errors  in  an  effort  to  handle  this  problem 
appropriately. 

It’s  interesting  to  note  that  the  error  in  residuals  with  type 
2  double  differencing  is  a  function  of  positioning  errors  of 
the  base  PL  as  well  as  the  fixed  receivers  (see  equation  2), 
but  the  minimum  residual  in  this  case  did  yield  a  good  set 
of  integer  ambiguities.  What  most  likely  occurred  is  that 
the  errors  in  pseudolite  positioning  canceled  some  of  the 
receiver  positioning  errors,  resulting  in  a  good  solution. 
A  Monte-Carlo  analysis  showed  that  when  the  receiver 
and  pseudolite  positions  were  artificially  and  randomly 
moved  1cm  (la)  in  each  axis,  the  residual  could  increase 
as  much  as  300%  or  decrease  as  much  as  54%.  The 
average  change  was  an  increase  of  42%.  This 
demonstrated  the  high  sensitivity  of  the  residuals  to  small 
positioning  errors  of  the  fixed  PL  and  receivers. 


In  order  to  arrive  at  a  good  set  of  integer  ambiguities  for 
type  1  double  differencing,  an  altitude  criterion  was  also 
added  based  upon  apriori  knowledge  of  the  true  altitude. 
The  ambiguity  set  chosen  for  the  type  1  double 
differencing  represents  the  minimum  residual  case  of 
those  that  generate  a  solution  near  to  the  correct  altitude. 
While  this  is  not  an  acceptable  long  term  approach  to  the 
ambiguity  resolution  problems  unique  to  this  particular 
configuration,  it  does  allow  the  generation  of  an  accurate 
position  of  the  roving  pseudolite,  which  was  the  primary 
goal  of  this  demonstration. 

DEMONSTRATION  RESULTS 

Comparison  between  type  1  and  type  2  double 
differencing.  The  difference  between  the  trajectories 
generated  by  type  1  and  type  2  double  differencing  is 
shown  in  Figure  8.  Both  the  absolute  difference  (dashed 
traces)  and  the  DOP-normalized  plots  (black  traces)  are 
presented.  DOP-normalization  is  important  due  to  the 
poor  receiver  geometry  that  is  unique  to  this  ground- 
based  test. 

All  of  the  errors  in  Figure  8  include  receiver  and  fixed 
pseudolite  survey  error  (as  described  above),  multipath, 
measurement  noise,  and  possibly  a  small  error  in  the 
integer  ambiguities  for  one  or  both  of  the  solutions. 
(Recall  that  the  integer  ambiguities  were  uncertain  in  the 
type  1  case  because  of  the  propagation  of  survey  errors 
into  the  residuals-see  "Position  Domain  Analysis" 
above).  The  errors  appear  to  be  primarily  a  function  of 
geometry,  which  is  evident  by  comparing  the  shapes  of 
the  plots  in  Figure  8  with  the  trajectory  from  Figure  6. 


GPS  Week  Seconds/Local  Time 


Figure  8:  Position  Difference  Between 
Type  1  and  Type  2  Double  Differencing 
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Residuals  for  the  two  types  of  double  differencing  are 
shown  in  Figure  9.  The  residuals  for  type  2  double 
differencing  look  reasonable,  with  magnitudes  on  the 
order  of  1-2  cm.  The  type  1  residuals  are  larger,  with  two 
traces  at  about  +/-  3  cm.  These  two  traces  correspond  to 
receivers  1  and  5,  and  they  are  nearly  mirror  images  of 
each  other.  This  indicates  that  there  may  be  a  survey 
error  in  either  (or  both)  of  the  receivers  which  the  least 
squares  fit  absorbs  and  splits  evenly  between  the  two 
receivers. 
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Figure  9:  Residuals  from  Type  1  and  Type  2  Double 
Differencing 

To  test  out  this  theory,  receiver  1  was  moved  by  5.3  cm  to 
the  northeast  (2  cm  north,  5  cm  east),  a  distance  that  was 
chosen  by  hand  after  looking  at  the  receiver  geometry. 
After  receiver  1  was  moved,  the  trajectory  and  residuals 
were  recalculated.  The  trajectory  did  not  exhibit  any 
significant  change  (<  1cm  in  each  axis),  but  the  residuals 
were  greatly  improved  as  shown  in  Figure  10.  This 
example  provides  a  clear  demonstration  of  the  sensitivity 
of  the  residuals  to  receiver  survey  errors. 
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Figure  10:  Type  1  Double  Difference  Residuals  After 
Adjusting  Position  of  Receiver  5 


Stationary  positioning  stability.  As  shown  in  the 
bottom  plot  of  Figure  6,  there  were  several  time  periods 
when  the  van  was  stationary.  The  van  also  stopped 
during  the  final  phase  of  the  testing,  when  the  NovAtel 
receiver  was  attached  to  the  antenna  previously  used  by 
the  pseudolite. 

Figure  11  shows  the  pseudolite  position  during  one  of 
these  stops  (note  that  the  scale  is  in  millimeters).  A 
comparison  of  the  standard  deviations  of  the  positions 
during  all  stop  periods  is  given  in  Table  1.  In  order  to 
provide  a  fair  comparison  independent  of  geometry,  the 
values  are  also  normalized  by  the  appropriate  dilution  of 
precision  (DOP)  term.  Based  upon  these  results,  the 
stability  of  the  pseudolite  position  looks  very  good  in 
comparison  to  the  GPS  receiver  position. 
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Figure  11:  Stability  of  Type  2  Pseudolite  Double 
Difference  Solution 
(GPS  Time  493083-493333  Seconds) 

Comparison  with  GPS  receiver  trajectory.  Because  it 
is  not  possible  to  correlate  the  pseudolite  and  GPS 
receiver  trajectories  by  time,  an  alternative  means  of 
comparison  has  been  developed.  Each  data  point  has 
been  transformed  into  a  new  coordinate  frame  with  its 
origin  near  the  southeast  end  of  the  test  trajectory,  the  x- 
axis  pointing  northwest  directly  along  the  trajectory,  the 
y-axis  pointing  horizontally  southwest  normal  to  the  test 
trajectory,  and  the  z-axis  pointing  upward.  If  put  in  terms 
of  the  path  or  “track”  of  the  vehicle,  the  x-axis 
corresponds  to  down-track  position  (with  the  origin  near 
the  southeast  end  of  the  trajectory  and  increasing  to  the 
northwest),  the  y-axis  to  cross-track  position,  and  the  z- 
axis  to  above-track  position.  After  performing  this 
coordinate  transformation,  the  trajectory  can  be  correlated 
by  down-track  (x)  position.  This  is  especially  useful  for 
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Table  1:  Position  Solution  Stability  Comparison 

GPS  Time  (sec) 

493083-493333 
493739-494089 
493083-493333 
493739-494089 
497812-498013 
498389-498539 


the  vertical  axis,  since  the  road  is  relatively  flat,  and  the  estimated  accuracy  of  the  GPS  trajectory  is  1-3  cm, 

altitude  of  the  antenna  is  sufficiently  determined  by  the  depending  primarily  upon  carrier-phase  multipath, 

down-track  position  on  the  road.  The  cross-track 

component  is  also  a  function  of  down-track  position,  but  The  trajectories  generated  by  type  1  double  differencing, 

is  less  repeatable  because  it  depends  upon  the  van  driver’s  tyP®  2  double  differencing,  and  the  GPS  receiver  alone 

ability  to  follow  the  same  path  each  time.  were  transformed  into  the  new  x-y-z  coordinate  system, 

and  the  results  are  shown  in  Figure  12.  The  plots  on  the 

The  data  collected  by  the  mobile  GPS  receiver  during  the  left  show  the  altitude  generated  from  the  type  1  and  type 

final  phase  oftesting  was  processed  using  The  University  2  double  differencing  methods  as  a  function  of  down- 

of  Calgary’s  SEMIKIN™  software,  which  determined  the  track  position.  These  plots  depict  a  "side  view"  of  each  of 

correct  set  of  integer  ambiguities  and  generated  a  time  the  trajectories.  Both  the  GPS  receiver  and  the  pseudolite 

history  of  position.’  Residuals  and  other  quality  traversed  the  same  section  of  road  several  times  (5  for  the 

measurements  were  monitored  to  make  certain  that  the  receiver  and  4  for  the  PL),  and  the  plots  give  a  measure  of 

trajectory  was  correct.  As  a  result,  the  GPS  receiver  repeatability  of  the  solution.  The  pseudolite-generated 

trajectory  is  considered  a  “truth”  reference  against  which  altitudes  exhibit  about  0.5m  of  noise,  which  is  good 

the  pseudolite  positioning  can  be  compared.  The  considering  the  high  VDOP  values  during  this  test. 


Positioning  Method 


Pseudolite 
(Type  1  DD) 


Pseudolite 
(Type  2  DD) 


NovAtel  GPS 
Receiver 


Std  Deviation  of  Position  (mm) 
East  I  North  I  Vertical 


DOP-Normalized 
Std  Deviation  of  Position  (mm) 
East  I  North  I  Vertical 
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The  plots  on  the  right  show  the  cross-track  component  of 
the  trajectory  as  a  function  of  down-track  position.  The 
X-Y  plots  represent  the  view  "looking  down"  onto  the 
road.  The  two  distinct  paths  are  the  two  opposite  sides  of 
the  road.  The  bottom  traces  show  the  southeast  to 
northwest  runs,  and  the  top  traces  show  the  return.  The 
trajectories  generated  by  the  GPS  receiver  and  the 
pseudolite  (using  either  type  of  double  differencing)  are 
indistinguishable,  and  they  agree  to  within  -0.5  m.  This 
is  as  good  as  could  be  expected,  since  each  line  was  a 
separate  trip  for  the  van,  and  the  driver  could  not  be 
expected  to  repeat  the  same  trajectory  to  an  accuracy 
better  than  0.5  m  under  normal  conditions. 

Comparison  with  tape  measure  positioning.  One  final 
analysis  technique  was  used  in  an  effort  to  provide  an 
independent  measure  of  the  van’s  antenna  position 
against  which  the  pseudolite  and  GPS  solutions  can  be 
compared.  On  each  southward  pass  of  the  trajectory,  the 
van  stopped  for  a  period  of  time  near  a  fixed  survey  point 
on  the  middle  of  the  road.  (These  are  the  same  points  that 
were  used  to  analyze  position  stability  above).  Three 
measurements  were  made  with  a  tape  measure  at  each 
stop  point  to  determine  the  position  of  the  edge  of  the  van 
tires  with  respect  to  the  centerline  of  the  road  and  the 
survey  marker.  These  measurements  were  later  converted 
into  measures  of  the  horizontal  position  and  heading  of 
the  van  at  each  stop  point.  After  making  an  assumption 
about  the  roll  and  pitch  angles,  the  exact  position  of  the 
antenna  was  calculated.  An  error  analysis  determined  that 
approximate  la  error  values  for  this  method  are  6  cm  for 
down-track  (x)  axis,  19  cm  for  cross-track  (y)  axis,  and  7 
cm  for  vertical  (z)  axis.  The  high  y-axis  uncertainty  is 
due  to  the  uncertainty  in  the  roll  angle. 

The  comparison  between  the  tape-measure  and  the 
PL/GPS  receiver  positioning  methods  are  given  in  Table 
2.  While  not  sub-decimeter  in  all  cases,  these  results  do 
show  agreement  between  the  independent  measurements 
to  a  level  of  10-20  cm  horizontal  and  30-60  cm  vertical, 
which  is  reasonable  considering  the  accuracy  of  the  tape 


measure  method  and  the  poor  vertical  geometry  in  the 
pseudolite  case. 

CONCLUSION 

The  results  from  this  demonstration  clearly  show  that  it  is 
possible  to  generate  an  accurate  position  of  a  transmitting 
mobile  pseudolite  using  an  array  of  GPS  receivers  fixed 
on  the  ground.  Accuracies  on  the  order  of  10-30  cm  were 
demonstrated.  Given  the  somewhat  severe  conditions 
which  existed  in  this  demonstration  relative  to  an 
operational  system  (e.g.  very  poor  vertical  geometry,  high 
multipath  potential,  inadequate  knowledge  of  receiver 
positions),  these  results  are  encouraging  that  such  a 
system  may  be  a  feasible  means  to  meet  the  reference 
system  requirements  for  high  accuracy  (better  than  10 
cm). 

The  analysis  of  the  data  also  pointed  out  areas  that  require 
attention  in  order  to  develop  a  system  which  is  reliable. 
In  particular,  it  is  important  to  determine  the  position  of 
the  fixed  receivers  and  fixed  pseudolite  to  a  very  high 
degree  of  accuracy  (through  better  surveys  and/or  error 
modeling  techniques),  due  to  the  close  proximity  of  the 
pseudolites  and  receivers. 

REFERENCES 

^  D.  Klein,  B.W.  Parkinson,  "The  Use  of  Pseudo- 
Satellites  for  Improved  GPS  Performance,"  Global 
Positioning  System,  Vol.  Ill,  The  Institute  of  Navigation 
1986. 

^  C.  Cohen,  D.  Lawrence,  B.  Pervan,  S.  Cobb,  A. 

Barrows,  D.  Powell,  B.  Parkinson,  V.  Wullschleger,  and 
S.  Kalinowski,  "Flight  Test  Results  of  Autocoupled 
Approaches  Using  GPS  Integrity  Beacons,"  proceedings 
of  ION  GPS-94,  Salt  Lake  City,  Sep  20-23  1994,  pp. 
1145-1153. 


Table  2:  Difference  Between  Tape-Measure  and  PL/GPS  Receiver  Positions  at  Survey  Stop  Points. 


Position  Error  vs.  Tape  Measure  Method  | 

Positioning  Method 

GPS  Time  (sec) 

Along-Track  (X) 

Cross-Track  (Y) 

Above-Track  (Z) 

Pseudolite 

(Phase  II,  Type  1  DD) 

493083-493333 

18.7  cm 

13.1  cm 

60.7  cm 

493739-494089 

18.8  cm 

14.1  cm 

63.6  cm 

Pseudolite 

(Phase  II,  Type  2  DD) 

493083-493333 

8.5  cm 

7.16  cm 

30.1  cm 

493739-494089 

8.6  cm 

7.86  cm 

36.0  cm 

NovAtel  GPS  Receiver 
(Phase  III) 

497812-498013 

17.6  cm 

2.8  cm 

498389-498539 

25.6  cm 

4.46  cm 

1.1  cm 

825 


^  H.S.  Cobb,  C.E.  Cohen,  and  B.W.  Parkinson,  "Theory 
and  Design  of  Pseudoiites,"  proceedings  of  the  ION 
National  Technical  Meeting,  San  Diego,  Jan  24-26  1994, 
pp.  69-75. 

^  B.S.  Pervan,  C.E.  Cohen,  and  B.W.  Parkinson, 
"Autonomous  Integrity  Monitoring  for  Precision 
Approach  Using  DGPS  and  a  Ground-Based  Pseudolite," 
proceedings  of  ION  GPS-93,  Salt  Lake  City,  Sep  22-24 
1993,  pp.  475-485. 

’  G.  Blaha,  Investigations  of  Critical  Configurations  for 
Fundamental  Range  Networks,  Reports  of  the 
Department  of  Geodetic  Science  number  150,  Ohio  State 
University,  1951. 

*  A.J.  Van  Direndonck,  P.  Fenton,  T.  Ford,  "Theory  and 
Performance  of  Narrow  Correlator  Spacing  in  a  GPS 
Receiver,"  NAVIGATION,  Journal  of  the  Institute  of 
Navigation,  Vol.  39  No.  3  (1992),  pp.  265-283. 

’  M.E.  Cannon,  "High-Accuracy  GPS  Semikinematic 
Positioning:  Modeling  and  Results,"  NAVIGATION, 
Journal  of  the  Institute  of  Navigation,  Vol.  37  No.  1 
(1990),  pp.  53-64. 

*  B.  Townsend,  P.  Fenton,  "A  Practical  Approach  to  the 
Reduction  of  Pseudorange  Multipath  Errors  in  a  LI  GPS 
Receiver,"  proceedings  of  ION  GPS-94,  Salt  Lake  City, 
Sep  21-23  1994,  pp.  143-148. 

’  G.  Lachapelle,  M.E.  Cannon,  G.  Lu,  "High  Precision 
GPS  Navigation  with  Emphasis  on  Carrier  Phase 
Ambiguity  Resolution,"  Marine  Geodesy,  Vol.  15  No.  4 
(1992),  pp.  253-269. 


826 


Precision  Landmg  Tests  wRii  improved 
integrity  Beacon  Psendoiites 

H.  Stewart  Cobb,  David  Lawrence,  Boris  Pervan,  Clark  Cohen, 

J.  David  Powell,  and  Bradford  Parkinson 
Stanford  University 


ABSTRACT 

Stanford’s  Integrity  Beacon  Landing  System  uses 
ground-based  pseudo-satellite  transmitters  known  as 
Integrity  Beacons  to  resolve  carrier  phase  ambiguities  on 
final  approach,  giving  IBLS  both  high  integrity  and 
centimeter-level  accuracy.  This  paper  discusses  two 
improved  Integrity  Beacon  designs  and  the  results  of 
flight  tests  with  these  new  beacons. 

The  original  Integrity  Beacons  were  not  synchronized  to 
GPS  time.  The  IBLS  reference  station  was  required  to 
measure  the  beacon  carrier  phase  reference  information 
using  a  direct  cable  connection  to  each  Integrity  Beacon, 
which  proved  inconvenient  in  practice.  We  therefore 
constructed  a  pair  of  Autonomous  Integrity  Beacons, 
pseudolites  whose  transmitted  signals  are  synchronized 
to  GPS  satellite  signals  using  the  Omni-Marker  principle 
invented  at  Stanford.  Flight  tests  using  these  beacons 
showed  that  IBLS  performance  was  maintained  with  the 
reference  station  in  a  convenient  location  some  six 
kilometers  from  the  beacons. 

The  original  Integrity  Beacons  produced  a  short-range 
“bubble”  of  usable  signals.  While  this  was  sufficient  to 
demonstrate  the  IBLS  concept,  a  longer-range  beacon 
would  have  additional  applications.  To  this  end,  we 
constructed  an  Autonomous  Integrity  Beacon  with  a 


range  of  greater  than  four  kilometers,  using  a  pulsing 
scheme  similar  to  that  recommended  by  RTCM-104  to 
alleviate  the  near/far  problem.  Flight  tests  showed  that 
this  long-range  beacon  provided  useful  information  to 
IBLS  everywhere  within  its  expanded  bubble,  without 
blocking  satellite  reception  by  IBLS  or  conventional 
GPS  receivers. 

INTRODUCTION 

The  Integrity  Beacon  Landing  System  (IBLS)  developed 
at  Stanford  University  exceeds  the  navigation  require¬ 
ments  for  Category  IB  “blind”  landings  [6-8].  The 
capabilities  of  this  system  have  been  demonstrated  in 
several  flight  test  campaigns  [1-4]  culminating  in  110 
successful  automatic  landings  of  a  Boeing  737  [5]. 

IBLS  uses  differential  carrier-phase  GPS  navigation  to 
achieve  the  high  levels  of  accuracy  and  integrity 
required  for  Category  III  landings.  The  IBLS  receiver 
on  board  the  landing  aircraft  forms  differential  GPS 
measurements  by  comparing  the  code  and  carrier  signals 
it  receives  against  an  equivalent  set  of  signals  received 
by  the  IBLS  reference  station  on  the  ground. 

The  carrier  phase  integer  ambiguities  are  resolved  as  the 
landing  aircraft  flies  over  a  set  of  Integrity  Beacons 
placed  underneath  the  approach  path.  These  beacons  are 


Figure  1:  Block  Diagram  of  Autonomous  Integrity  Beacon 
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Figure  2:  Integrity  Beacon  Landing  System  with  Autonomous  Integrity  Beacon 


ground-based  pseudo-satellite  or  pseudolite  transmitters 
which  emit  signals  very  similar  to  GPS  satellite  signals. 
As  the  aircraft  flies  over  the  beacons,  its  IBLS  receiver 
collects  carrier  phase  data  from  the  satellites  and  the 
beacons.  The  IBLS  system  assembles  this  data  into  a 
matrix  and  performs  a  nonlinear  least-squares  batch 
algorithm  to  determine  the  integer  ambiguities  [3,  7]. 

GPS  is  a  timing-based  system  which  inherently  requires 
precise  clocks  at  each  transmitter.  However,  the 
Integrity  Beacons  used  in  all  previous  flight  tests 
contained  comparatively  poor  clocks  which  were 
available  and  affordable.  The  original  IBLS  system 
calibrated  these  clocks  by  directly  connecting  the  beacon 
signals  to  the  IBLS  reference  receiver.  The  reference 
receiver  measured  the  beacon  signals  and  the  satellite 
signals  simultaneously,  which  effectively  synchronized 
the  beacon  transmitters  to  precise  GPS  time. 

While  this  approach  worked  in  theory  and  in  initial  flight 
tests,  it  proved  inconvenient  as  the  test  program 
expanded.  The  requirement  for  a  direct  connection 
forced  us  to  locate  the  reference  station  near  the  beacons 
under  the  approach  path,  a  kilometer  or  more  from  the 
runway.  This  distant  location  reduced  the  reliability  of 
the  datalink  between  the  reference  station  and  the 
aircraft.  As  a  result,  the  datalink  absorbed  the  largest 
fraction  of  our  installation  efforts  at  each  new  site. 

To  solve  our  datalink  problems  and  move  the  reference 
station  back  near  the  runway,  we  needed  another  way  to 
synchronize  the  Integrity  Beacons  to  the  GPS  satellite 


signals.  As  necessity  is  the  mother  of  invention,  this 
necessity  gave  birth  to  the  Omni^Marker  concept  [2,  9]. 

The  Omni-Marker  was  invented  by  Dr.  Clark  Cohen  at 
Stanford  University.  It  can  be  thought  of  as  an 
“electronic  mirror”  which  reflects  signals  from  selected 
GPS  satellites.  By  comparing  the  direct  and  “reflected” 
satellite  signals,  a  user  receiver  can  compute  an 
extremely  precise  differential  range  measurement. 

In  practice,  the  Omni-Marker  consists  of  a  GPS  receiver 
closely  linked  to  a  pseudolite  transmitter.  The  receiver 
controls  the  transmitter  so  that  the  transmitted  signal  has 
the  same  code  phase  and  carrier  phase  as  the  signal 
received  from  a  satellite.  The  PRN  code  of  the 
transmitted  signal  differs  from  the  satellite  signal,  so  that 
the  user  receiver  can  tell  the  two  signals  apart. 

AUTONOMOUS  INTEGRITY  BEACON 

The  Autonomous  Integrity  Beacon  (AIB)  uses  the  Omni- 
Marker  Principle  to  synthesize  two  or  more  Integrity 
Beacon  signals  synchronized  to  a  single  GPS  satellite. 
It  consists  of  one  receive  antenna,  two  or  more  transmit 
antennas,  an  electronics  package,  and  cables  connecting 
these  units  (see  Figure  1).  With  an  AIB  installed,  the 
IBLS  reference  station  can  be  relocated  from  the 
approach  path  to  a  more  convenient  site,  chosen  to 
optimize  datalink  coverage  or  satellite  visibility. 

To  demonstrate  the  feasibility  of  this  concept,  we 
designed  and  constructed  an  AIB  based  on  a  six-channel 
Trimble  TANS  receiver.  The  baseband  code  and  carrier 
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signals  we  needed  to  synthesize  the  beacon  signals  were 
available  as  test  outputs  on  the  receiver’s  digital 
correlator  chips,  and  the  local  oscillator  signals  we 
needed  to  drive  the  transmitter’s  upconverter  were 
available  on  the  RF  circuit  board.  (This  was  pure 
serendipity;  in  more  highly  integrated  receivers,  these 
signals  are  generally  unavailable.)  The  baseband  carrier 
signal  was  taken  from  the  output  of  a  numerically 
controlled  oscillator,  which  was  not  designed  for  this 
application  and  contained  a  great  deal  of  jitter. 
Unfortunately,  this  jitter  could  not  be  eliminated  from 
the  transmitted  signal. 

We  developed  a  custom  circuit  board  to  amplify, 
upconvert,  and  filter  the  transmitted  signals.  A  set  of 
fast  RF  switches  were  added  to  support  the  pulse  tests 
described  later.  Bench  tests  of  the  breadboard  AIB 
showed  that  it  did  indeed  generate  signals  which  our 
IBLS  receivers  could  track.  The  breadboard  AIB 
consumes  approximately  5  watts  from  a  12- volt  supply. 

The  carrier-phase  noise  level  on  the  signals  transmitted 
by  our  breadboard  AIB  appears  to  be  3  to  4  times  higher 
that  the  equivalent  noise  level  on  the  GPS  satellites 
themselves.  This  result  is  undoubtedly  due  to  the  carrier 
jitter  present  in  this  breadboard  AIB.  A  purpose-built 
AIB  chipset  would  generate  a  much  cleaner  carrier 
signal.  Nevertheless,  this  noise  level  is  low  enough  to 
support  IBLS  testing. 

AIB  FLIGHT  TESTS 

Our  goal  for  this  series  of  tests  was  to  confirm  that  IBLS 
could  use  signals  from  a  standalone  AIB  to  resolve  the 
carrier  phase  integer  ambiguities  correctly,  while  the 
IBLS  ground  station  was  located  some  distance  away. 
We  installed  the  breadboard  AIB  under  the  approach 
path  at  Palo  Alto  airport,  where  many  of  our  previous 
IBLS  flight  tests  were  conducted.  The  AIB  reflected  a 
high-elevation  satellite  (chosen  according  to  the  time  of 
each  flight  test)  to  form  two  Integrity  Beacon  signal 
“bubbles”  which  overlapped  the  approach  path.  The 
AIB’s  transmit  power  was  adjusted  so  that  the  signal 
bubbles  were  approximately  the  same  size  as  in  earlier 
IBLS  tests. 

For  all  the  tests  described  in  this  paper,  the  IBLS 
reference  station  remained  in  our  lab  at  Stanford,  over 
six  kilometers  away.  An  IBLS  datalink  transmitter, 
placed  near  the  runway,  received  data  from  the  reference 
station  through  a  telephone  modem  (see  Figure  2).  The 
IBLS  user  receiver  on  board  the  aircraft  was  essentially 
the  same  as  in  previous  tests,  with  only  small  software 
changes  required  to  accommodate  the  AIB. 


We  tested  the  breadboard  AIB  during  a  total  of  eleven 
landing  approaches  over  two  days.  Each  day  of  tests 
began  with  a  static  survey  which  determined  the  carrier- 
phase  integers  in  the  IBLS  receiver  for  later  comparison. 
During  each  approach,  the  aircraft  flew  through  the  AIB 
signal  “bubbles”  and  then  performed  a  touch-and-go 
landing.  After  each  pass  through  the  bubbles,  the  IBLS 
software  processed  the  bubble  data  in  a  batch  algorithm 
to  resolve  the  carrier  phase  integer  ambiguities. 

AIB  FLIGHT  TEST  RESULTS 

Each  bubble  pass  was  successful  in  that  the  IBLS 
realtime  integrity  checks  declared  that  the  batch 
algorithm  had  successfully  estimated  the  cycle  ambiguity 
integers.  The  batch  algorithm  actually  estimates  each 
integer  ambiguity  as  a  floating  point  number.  One 
measure  of  the  quality  of  the  Integrity  Beacon  data  is  the 
difference  between  each  computed  number  and  the 
known  integers  determined  from  the  preflight  static 
survey. 

A  histogram  of  these  differences,  for  all  the  integers 
estimated  during  this  test,  is  shown  in  Figure  3.  Note 
that  all  differences  are  safely  below  the  threshold  of  0.5 
which  could  cause  an  erroneous  cycle  ambiguity 
resolution.  We  believe  that  these  differences  would  be 
even  lower  were  it  not  for  the  carrier  jitter  present  in  our 
breadboard  AIB.  Although  a  purpose-built  AIB  would 
probably  give  even  better  results,  the  success  of  these 
tests  does  show  that  the  Autonomous  Integrity  Beacon 
concept  is  feasible. 

PULSED  INTEGRITY  BEACON 

Every  pseudolite  transmits  a  “bubble”  of  usable  signals. 
Outside  the  radius  of  that  bubble  (the  far  radius),  the 
pseudolite’ s  signal  is  too  weak  for  a  GPS  receiver  to 
detect.  The  Integrity  Beacons  used  in  IBLS  tests  until 
now  generated  a  continuous  signal,  which  meant  they 
had  a  near  radius  as  well.  The  near  radius  is  the  distance 
at  which  the  pseudolite  signal  is  so  strong  that  it  jams  the 
receiver,  preventing  the  receiver  from  detecting  the 
signals  from  the  GPS  satellites.  For  such  a  pseudolite, 
the  far  radius  is  roughly  ten  times  the  near  radius, 
regardless  of  the  absolute  size  of  either.  This  ratio  is 
determined  by  the  cross-correlation  properties  of  the 
PRN  codes  used  for  the  GPS  C/A  signals  [9]. 

Increasing  the  pseudolite’ s  transmitted  power  increases 
the  far  distance  at  which  its  signals  can  be  heard,  at  the 
cost  of  increasing  the  near  distance  within  which  all 
signals  are  jammed.  This  near/far  problem  is  well- 
known  to  GPS  researchers. 
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Figure  3:  Histogram  of  Integer  Differences  during  AIB  Flight  Tests 


IBLS  avoids  the  near/far  problem  by  locating  the 
Integrity  Beacons  below  the  aircraft’s  approach  path. 
The  beacons’  power  levels  are  set  so  that  aircraft  flies 
across  the  signal  bubble,  between  the  near  and  far  radii. 
The  near  radius  is  close  enough  to  the  ground  that  the 
aircraft  will  not  stray  inside  it  by  mistake. 

Although  the  IBLS  system  design  does  not  require  it, 
there  would  be  advantages  to  including  longer-range 
pseudolites.  An  incoming  aircraft  could  check  that  the 
Integrity  Beacons  and  its  own  receivers  were  working 
before  committing  to  a  bad-weather  approach.  A  long- 
range  beacon  could  also  be  used  as  an  additional  ranging 
source  to  improve  the  geometry  of  a  navigation  solution 
or  the  availability  of  Receiver  Autonomous  Integrity 
Monitoring  (RAIM). 

Before  increasing  the  power  of  the  Integrity  Beacons, 
one  must  find  a  way  to  mitigate  the  near/far  problem. 
One  way  to  do  this  is  to  transmit  the  beacon  signal  in 
short  pulses,  as  suggested  by  the  RTCM-104  committee 
a  decade  ago  [10].  The  user  receiver  will  see  only  the 
pseudolite  signal  for  the  duration  of  the  pulse;  the  rest  of 
the  time,  it  will  see  only  the  satellite  signals.  If  the 
pulses  are  short,  perhaps  100  microseconds  out  of  every 
millisecond  epoch,  then  the  GPS  satellite  signals  will  be 
detected  with  only  a  slight  decrease  in  signal-to-noise 
ratio.  A  sufficiently  strong  pseudolite  signal  can  be 
received  even  if  it  only  transmits  ten  percent  of  the  time. 

To  experimentally  verify  this  concept,  we  built  a  pulsing 
device  into  our  Autonomous  Integrity  Beacon.  We 
discovered  in  earlier  experiments  that  the  transmit  pulses 


must  be  synchronized  to  the  C/A  code  epochs;  the  AIB 
provided  a  convenient  way  to  do  this,  as  the  epoch  pulses 
were  readily  available. 

The  RTCM-104  standard  recommends  a  complex  pulse 
pattern  which  is  comparatively  difficult  to  generate.  For 
our  experiments,  we  chose  instead  to  generate  a  simple 
pulse  at  a  fixed  time  delay  from  the  epoch  pulse.  To 
ensure  that  the  unmodified  IBLS  receiver  could  track  the 
pulsed  signal  accurately  without  cycle  slips,  we 
increased  the  transmit  pulse  length  to  125  microseconds. 
(A  receiver  designed  to  track  pulsed  signals  would 
function  well  with  pulses  100  microseconds  or  shorter.) 

The  pulses  were  produced  by  a  set  of  fast  PIN-diode 
switches  in  the  path  of  the  transmitted  signal.  RTCM- 
104  recommends  that  the  pulse  generator  provide  at  least 
100  dB  of  isolation  when  the  pulse  turns  off  We  used 
two  60  dB  switches  in  series  to  provide  a  theoretical 
isolation  of  120  dB  when  off. 

The  AIB  output  signal  level  is  roughly  -30  dBm,  and  the 
cables  to  the  transmit  antennas  attenuate  these  signals  by 
about  20  dB.  We  used  a  45  dB  low-noise  amplifier  at 
each  transmit  antenna  to  boost  the  output  signals  to 
roughly  -5  dBm  for  the  short-range  pulsed  bubble  tests. 
For  the  long-range  tests,  however,  we  needed  +15  dBm 
or  more.  However,  we  did  not  have  enough  amplifiers  to 
drive  both  transmitted  signals  at  this  level,  so  the  long- 
range  tests  used  only  a  single  bubble.  (The  power  levels 
cited  are  approximate,  as  we  could  not  measure  them 
accurately  in  the  field.) 
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PULSED  FLIGHT  TESTS 

We  performed  three  sets  of  tests  with  the  pulsed  AIB. 
The  first  test  was  intended  simply  to  demonstrate  that  the 
concept  worked.  We  placed  the  pulsed  AIB  atop  a  park¬ 
ing  structure  near  our  lab  on  the  Stanford  campus,  with 
the  IBLS  reference  station  and  datalink  transmitter 
nearby.  Our  flight  test  aircraft  maneuvered  over  the  AIB 
at  about  500  meters  altitude  to  measure  the  charac¬ 
teristics  of  the  pulsed  bubble.  We  plotted  in  Figure  4  a 
top  view  of  the  points  where  a  valid  AIB  signal  was 
received.  The  plot  shows  that  the  AIB  signal  was  usable 
out  to  about  three  kilometers. 

During  these  maneuvers,  the  IBLS  software  attempted  to 
resolve  the  carrier  phase  ambiguities  using  the  AIB,  even 
though  the  geometry  of  each  solution  attempt  was  quite 
poor.  These  solution  attempts  each  converged  to  an 
answer,  but  the  answers  generally  were  not  precise 
enough  to  uniquely  identify  the  integers  because  of  the 
poor  geometry.  Each  attempt  did  correctly  update  the 
position  covariances,  however,  and  after  several  attempts 
the  solution  converged  on  the  correct  integers.  This 
process  was  repeated  several  times,  and  post-processing 
confirmed  that  the  integers  were  always  identified 
correctly.  This  result  shows  the  robustness  of  the  IBLS 
technique. 

The  second  test  placed  the  AIB  in  the  usual  IBLS 
approach  and  landing  configuration  with  both  bubbles 
pulsed  at  the  highest  available  power  level,  about  -5 
dBm.  We  performed  seven  approaches  in  this 
configuration.  IBLS  successfully  identified  the  integers 


each  time,  as  confirmed  by  post-processing  comparison 
with  a  preflight  static  survey.  This  result  demonstrates 
that  IBLS  accuracy  was  not  degraded  by  the  pulsed 
beacon  signals. 

For  the  final  test,  we  left  the  AIB  in  the  same  location 
but  reconfigured  the  amplifiers  to  provide  the  maximum 
possible  output  power  (about  +22  dBm)  to  a  single 
transmit  antenna.  Our  flight  test  aircraft  flew  around  the 
airport  traffic  pattern  to  measure  the  coverage  area  of  the 
pulsed  AIB  signal.  Figure  5  is  a  top  view  of  the  airport 
area  showing  the  points  where  a  valid  AIB  signal  was 
received.  Also  shown,  for  reference,  are  the  runway  and 
a  circle  representing  the  size  of  the  original,  non-pulsed 
AIB  signal  bubbles. 

The  figure  shows  that  the  AIB  signal  was  lost  in  the 
crosswind  turns  and,  to  a  lesser  extent,  in  the  base  turns. 
During  these  turns,  the  beacon  receive  antenna  on  the 
bottom  of  the  aircraft  was  pointed  away  from  the  AIB 
transmit  antenna.  We  believe  the  signal  was  lost  in  these 
turns  because  the  fuselage  blocked  the  beacon  signal. 

The  maximum  range  achieved  in  this  test  was 
approximately  4.5  kilometers.  At  that  point,  the  aircraft 
was  low  on  the  horizon  as  seen  from  the  AIB.  Both  the 
transmit  and  receive  antennas  are  patch  antennas  whose 
gain  patterns  fall  off  sharply  at  low  elevation  angles.  We 
believe  signals  were  lost  at  this  point  because  the 
antenna  patterns  provided  insufficient  gain.  We  are 
exploring  ways  to  improve  the  AIB  and  aircraft  antenna 
patterns  and  to  mitigate  the  blockage  effect. 


Figure  4:  First  Pulsed  AIB  Range  Test 


Figure  5:  Pulsed  AIB  Range  Test  at  Airport 
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INTERFERENCE  TESTS 

During  both  flight  tests  with  the  high-power  pulsed 
signals,  we  attempted  to  measure  the  “near”  radius 
within  which  the  AIB  transmissions  jammed  the  satellite 
signals  in  non-cooperating  receivers.  On  the  theory  that 
the  least  expensive  receivers  would  be  the  least  tolerant 
of  interference,  we  acquired  two  low-cost  handheld 
receivers  from  different  manufacturers.  We  set  each 
receiver  to  display  the  relative  signal  strengths  for  the 
satellites  it  was  tracking  and  examined  the  trends  in 
those  displays  under  different  conditions.  The  results  for 
the  two  receivers  were  virtually  identical. 

As  expected,  each  receiver  showed  a  noticeable  but 
negligible  drop  in  signal  strength  on  each  satellite  when 
we  turned  on  the  pulsed  AIB  transmitters.  No  additional 
signal  degradation  was  noted  until  the  receivers  were 
brought  within  about  ten  meters  of  one  transmit  antenna. 
From  a  radius  of  ten  meters  down  to  about  one  meter,  the 
signal  strengths  slowly  declined.  At  a  distance  of  one 
meter  from  the  antenna,  both  receivers  were  still  doing 
position  fixes,  although  the  displayed  signal  strengths 
were  very  low.  When  the  receivers  were  brought  still 
closer  to  the  antenna,  the  satellite  signals  disappeared 
entirely  and  both  receivers  complained  of  poor  satellite 
visibility. 

Theoretically,  a  pulsed  pseudolite  transmitter  should  not 
jam  the  satellite  constellation  at  any  distance.  We 
believe  that  the  close-in  jamming  we  saw  can  be 
attributed  to  signal  leakage  through  the  pulse  switches  or 
to  thermal  noise  being  amplified  when  the  switches  were 
off  Careful  system  design  could  probably  reduce  the 
size  of  this  “near”  radius,  if  necessary.  If  not,  locating 
the  beacon  transmitters  within  a  ten-meter  clear  zone 
should  not  present  operational  difficulties. 

While  a  single  pulsed  pseudolite  can  be  installed  so  as 
not  to  interfere  with  the  GPS  satellite  signals,  it  may  be 
more  difficult  to  install  multiple  pulsed  pseudolites  in 
the  same  vicinity  without  mutual  interference.  Two 
pseudolites  which  share  the  same  pulse  time  slot  will  be 
subject  to  the  near/far  problem  with  each  other.  Unless 
the  distances  and  signal  strengths  are  carefully 
controlled,  as  in  the  placement  of  IBLS  Integrity 
Beacons,  one  will  be  heard  and  the  other  will  be 
jammed.  One  possible  solution  is  to  use  separate  pulse 
time  slots,  but  the  combined  duty  cycle  of  all  the  pulses 
together  cannot  exceed  20  or  25  percent  without 
unacceptably  degrading  the  signals  from  the  GPS 
constellation.  Clearly,  more  research  is  needed  in  this 
area  before  multiple  pulsed  pseudolites  see  widespread 
use. 


CONCLUSION 

Our  flight  test  results  with  a  breadboard  Autonomous 
Integrity  Beacon  show  that  the  AIB  concept  is  feasible. 
It  is  no  longer  necessary  to  locate  the  IBLS  ground 
reference  station  within  a  cable’s  length  of  the  Integrity 
Beacons  themselves. 

Our  flight  test  results  with  a  pulsed  AIB  show  that  a 
long-range  pseudolite  is  also  feasible.  Signals  from  a 
long-range  pseudolite  can  improve  the  availability  of 
GPS  navigation  and  Receiver  Autonomous  Integrity 
Monitoring,  help  resolve  carrier-phase  ambiguities,  and 
carry  digital  data  as  well. 

Both  of  these  developments  remove  previous  constraints 
on  designs  for  GPS  precision  landing  systems.  However, 
more  research  is  necessary  before  multiple  long-range 
pseudolites  can  be  used  at  the  same  airport. 
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Abstract 

The  University  of  Leeds  are  developing  a  prototype 
multichannel  combined  GPS/GLONASS  receiver 
capable  of  simultaneously  tracking  the  C/A  and  P 
codes,  and  when  anti-spoofmg  (A-S)  is  present 
operating  in  a  codeless  mode.  The  primary 
application  is  for  earth  observation  radio  occultation 
measurements  on  board  a  low  earth  orbiting  (LEO) 
satellite.  However,  the  architecture  allows  for  a 
variety  of  applications  such  as  earth-based  reference 
stations  or  spacecraft  attitude  determination. 

The  channel  digital  signal  processing  is  presented. 
Each  channel  is  capable  of  simultaneous  LI  and  L2 
P  code,  and  LI  C/A  code  tracking.  Details  of  the 
firmware  are  given,  including  the  tracking  strategy 
and  filter  bandwidths.  Finally,  initial  results  showing 
the  code  and  carrier  phase  precision  are  provided. 

Introduction 

Space  applications  of  GPS  or,  more  generally,  GNSS 
receivers  can  be  divided  into  two  main  classes: 
applications  in  support  of  spacecraft  operation,  such 
as  navigation  and  attitude  determination,  and 
scientific  applications.  The  latter  class  can  be  related 
to  three  main  areas  of  the  Earth  sciences:  geodesy, 
atmospheric  monitoring,  and  ionospheric  science. 

In  geodesy,  precise  tracking  data  from  an  orbiting 
receiver  can  help  in  several  different  ways.  Very 
precise  orbit  determination  (POD)  by  post-processing 
of  the  tracking  data  from  the  orbiting  receiver  as  well 
as  from  a  ground  reference  network  is  now  a  well 
demonstrated  application  of  spacebome  GNSS. 
Impressive  results  have  been  achieved  in  the 
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Topex-Poseidon  mission  in  terms  of  accuracy  of  the 
reconstituted  orbits,  better  than  3cm  rms  for  the 
radial  component  [1].  Future  space  missions  for 
ocean  altimetry  and  land  topography  are  expected  to 
build  upon  such  experience.  Gravity  field 
determination  [2]  is  another  geodetic  application  of 
spacebome  GNSS  which  has  much  in  common  with 
POD.  in  this  case,  the  POD  is  geared  towards  the 
continuous  refinement  of  existing  gravity  field 
models,  which  are  at  the  moment  strongly  limited  in 
both  accuracy  and  spatial  resolution.  Depending  on 
the  altitude  of  the  spacecraft,  which  needs  to  be  as 
tow  as  possible  to  detect  gravity  anomalies  at  medium 
as  well  as  long  wavelengths,  an  improvement  of  the 
geoid  determination  up  to  2.5cm  for  gravity  models 
with  degree  and  order  n,l  =  40  has  been  predicted  by 
various  studies.  GNSS  tracking  in  combination  with 
gravity  gradiometry  for  high  resolution  geoid 
determination  is  baselined  for  the  Gravity  and  Ocean 
Circulation  Explorer  satellite,  an  Earth  science 
mission  presently  studied  by  the  European  Space 
Agency  (ESA). 

In  the  atmospheric  sciences,  the  main  interest  lies 
with  the  application  of  radio  occultation  techniques 
which  have  been  developed  over  a  period  of  30  years 
in  relation  to  studies  of  planetary  atmospheres  and 
ionospheres.  These  limb  sounding  techniques  provide 
a  new  approach  for  monitoring  atmospheric 
temperatures,  pressures  and  humidities  on  a  global 
scale  and  with  high  accuracy  and  spatial  resolution 
[3].  When  the  receiver  on  board  a  low  Earth  orbiting 
satellite  tracks  GPS  or  GLONASS  satellites  that  are 
observed  to  rise  or  set  through  the  atmosphere,  the 
arrival  time  of  the  received  signal  is  retarded  because 
of  the  refractive  bending  and  slowing  of  the  signal  as 
it  crosses  the  atmosphere.  By  measuring  with  high 
accuracy  and  sampling  rate  the  change  in  carrier 
phase,  one  can  determine  the  atmospheric  refractive 
index  as  a  function  of  altitude.  Pressure  and 
temperature  profiles  can  then  be  derived  using  the  gas 
law,  the  known  relationship  between  refractivity  and 
dry  air  density,  and  the  assumption  of  hydrostatic 
equilibrium.  Accuracies  in  the  temperature  retrieval 
better  than  IK  at  altitudes  between  10  and  30km  have 
already  been  demonstrated  in  the  frame  of  the 
GPS-MET  proof-of-concept  experiment  [4],  with 
vertical  resolutions  better  than  1km.  The  possibility 
to  extend  these  measurements  well  into  the 
troposphere  (below  10km)  and  in  the  upper 
stratosphere  (up  to  about  45km)  is  the  subject  of 
intense  research  worldwide.  As  a  single  orbiting 
GNSS  receiver  can  observe  about  1000  setting  GPS 
and  GLONASS  satellites,  each  providing  a  high 
accuracy  temperature  sounding,  it  is  clear  that  this 
all-weather  technique  will  greatly  contribute  to  the 
global  atmospheric  monitoring,  with  large  impacts 
expected  in  operational  meteorology  and 


climatology.  Operational  meteorology  suffers  from 
the  scarcity  of  observations  over  the  oceans  and  the 
less  developed  countries,  which  will  be  entirely 
eliminated  when  the  data  from  a  few  orbiting 
receivers  is  available.  Climatology  needs  long  term 
observations  free  from  calibration  problems,  which 
strongly  affect  current  space-based  atmospheric 
remote  sensing.  The  GNSS  radio  occultation 
technique  relies  on  precise  time  delay  measurements, 
and  can  therefore  provide  the  needed  long  term 
reference  monitoring  of  the  atmosphere.  Global 
mapping  of  the  ionosphere  is  yet  another  important 
application  of  precise  spacebome  GNSS  receivers.  In 
concert  with  ground  networks  of  GNSS  receivers,  the 
tracking  data  from  space  receivers  can  help  probing 
the  ionosphere  along  many  paths.  The  derived 
measurements  of  Total  Electron  Content  (TEC)  can 
be  used  to  develop  maps  of  electron  distributions  in 
two  or  three  dimensions.  Ionospheric  tomography 
techniques  are  in  particular  going  to  benefit  from  the 
vastly  improved  observation  geometry  including 
near-horizontal  scanning  of  the  ionosphere. 
Ionospheric  stmctures,  such  as  the  mid-latitude 
trough,  and  their  dynamics  will  be  studied  and 
monitored  far  better  than  today  by  means  of 
ionospheric  tomography.  The  flight  of  GNSS 
receivers  capable  of  radio  occultation  observations 
has  been  proposed  for  all  future  ESA  Earthscience 
missions. 

Observation  Requirements 

The  scientific  applications  impose  a  common  set  of 
requirements  on  (space  qualified)  GNSS  receivers. 
The  basic  observables  for  these  applications  are 
carrier  phase  measurements  at  both  LI  and  L2 
frequencies,  which  must  be  output  with  millimetric 
precision  and,  for  atmospheric  and  ionospheric 
remote  sensing,  also  at  a  relatively  high  data  rate 
(lOHz  at  least).  Code  phase  observations  are  of  lesser 
importance,  but  Still  valuable  for  POD.  Although  the 
signal  dynamics  resulting  from  the  orbital  motion  is 
rather  modest  (always  less  than  2g),  the  Doppler 
shifts  and  Doppler  rates  on  the  signals  in  the 
occultation  geometry  can  be  quite  strong,  especially 
when  the  signals  cross  the  tropopause  or  particular 
structures  of  the  ionosphere.  Simulations  performed 
with  atmospheric  and  ionospheric  models  show  that 
the  receiver  should  keep  reliable  tracking  even  with 
TEC  variations  of  the  order  of  1x10“  e/mW.  When 
crossing  the  troposphere,  signals  can  also  be 
attenuated  by  several  dB’s,  which  calls  for  low 
receiver  noise  figure  and  tracking  threshold. 
Dual-frequency  operation  produces  negligible 
ionospheric  errors  for  the  most  demanding 
observations  of  the  neutral  atmosphere[5] . 

The  use  of  GLONASS  in  addition  to  GPS  provides 
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very  significant  advantages  for  scientific  applications. 
It  obviously  results  in  about  twice  as  many 
observations  of  the  atmosphere  and  ionosphere  as 
with  GPS  only,  which  strongly  increase  the  spatial 
distribution  of  measurements.  The  availability  of  dual 
frequencies  signals  unaffected  by  A-S  is  another 
important  advantage,  as  it  eliminates  the  need  for  the 
performance  degrading  codeless  tracking  of  the  L2 
frequency  signals.  The  receiver  design  should 
however  be  flexible  enough  to  cope  with  a  possible 
change  in  the  GLONASS  signal  policy  and  implement 
codeless  tracking  techniques  to  be  used  in  the  event 
of  a  signal  encryption  similar  to  GPS.  As  GLONASS 
is  an  FDMA  system,  care  has  to  be  taken  that  the 
consequent  satellite-dependent  receiver  biases  and 
their  variations  be  limited  by  design  or  by  internal 
calibration  means,  as  first  mentioned  by  Raby  [6]. 
This  is  critical  for  geodetic  applications,  but  less  so 
for  atmospheric  monitoring  because  of  the  short 
duration  (about  1  minute)  of  occultation  events. 

Spaceborne  GNSS  Receiver  Development 

Whereas  space  qualified  receivers  for  real-time 
navigation  and  attitude  determination  are 
commercially  available,  no  civilian  GNSS  space 
receiver  is  available  today.  This  fact  led  ESA  to 
initiate  a  development  activity,  starting  with  the 
design  and  breadboarding  of  a  precision  receiver, 
largely  based  on  the  digital  GNSS  receiver  studies 
carried  out  at  the  CAA  Institute  of  Satellite 
Navigation  of  the  University  of  Leeds,  which  is  now 
approaching  completion.  In  parallel  the  preparation  of 
the  implementation  of  the  receiver  with  space 
qualified  VLSI  components  has  also  been  started.  The 
receiver  design  has  also  taken  into  account  the  need 
to  be  compatible  with  ground  applications  in 
reference  stations  for  geodesy  and  atmospheric/ 
ionospheric  monitoring. 

Receiver  Specification 

The  initial  ESA  specification  calls  for  a  twelve- 
chaimel  receiver  capable  of  operating  on  either  an 
earth  based  or  LEO  platform  (200km  to  1000km 
orbital  height).  The  maximum  TEC  velocity  as  seen 
from  the  LEO  is  3.8x10*^  e/mVs  with  a  maximum 
TEC  acceleration  of  3.3x10*^  e/mVs^.  The  platform 
jerk,  rotation  rate  and  rotation  acceleration  are 
specified  as  negligible.  For  a  nominal  input  CNR  of 
46dBHz  (LI)  and  43dBHz  (L2),  the  one-sigma 
precision  of  IHz  measurements  should  be  50cm 
(GPS)  and  Im  (GLONASS)  for  the  C/A  code,  and 
25cm  (GPS)  and  50cm  (GLONASS)  for  the  P-code. 
The  carrier  observable  should  have  a  maximum 
measurement  rate  of  lOHz  and  precision  of  1mm  for 
LI  and  L2  at  the  specified  input  level. 


Down-Conversion 

The  L-band  signals  are  received  by  a  passive  helical 
antenna  developed  by  Saab-Ericsson  for  ESA.  The 
antenna  has  been  designed  to  accommodate  dual 
frequency  GPS  and  GLONASS  signals  and  minimize 
multipath.  Following  the  antenna  the  signal  enters  a 
low-loss  pre-selection  filter  to  attenuate  interference 
sources.  Separate  LI  and  L2  outputs  are  provided 
from  the  filter  unit  and  are  amplified  by  Miteq  LNAs 
each  with  a  guaranteed  maximum  noise  figure  of 
0,8dB.  LI  and  L2  signals  are  fed  to  the  receiver 
where  all  further  processing  occurs.  The  RF/IF 
processing  has  been  developed  to  minimize  the  group 
delay  in  the  GLONASS  band  with  the  final  LI  and 
L2  GNSS  signals  all  at  a  similar  IF  to  allow  common 
sampling  hardware  to  be  used  for  all  signals. 

Sampling 

In  the  current  receiver  the  sampling  unit  has  been 
designed  to  simultaneously  process  GPS  LI  and  L2, 
and  GLONASS  LI  and  L2  from  one  antenna. 
However,  the  receiver  has  been  developed  with 
additional  flexibility  to  allow  multiple  antenna  feeds. 
The  basic  block  diagram  of  a  single  sampling  unit  is 
shown  in  Figure  1.  The  input  signal  S,  which  has  a 
centre  frequency  near  14.25  MHz,  is  4-bit  sampled  in 
I  at  57  MHz.  A  FIR  filter  in  an  FPGA  produces  2-bit 
I  and  Q  samples  at  28.5MHz  having  down-converted 
the  IF  frequency  by  14.25MHz.  The  output  carrier 
frequency  is  close  to  baseband  and  allows  removal  of 
the  GLONASS  channelization  with  the  channel’s 
carrier  NCO.  Sampling  only  in-phase  while 
producing  lower  rate  I  and  Q  samples  has  the 
advantage  of  reduced  IF  analogue  components  which 
are  susceptible  to  group  delay  variations  with 
temperature.  Four  input  bits  are  used  to  prevent 
rounding  errors  in  the  FIR  filters  affecting  the  quality 
of  the  two  output  bits.  To  account  for  variations  of 
the  input  signal  level  an  AGC  is  implemented. 


Figure  1  Simplified  block  diagram  of  the  sampler. 
Histogram  counters  in  the  FIR  filter  FPGA,  linked  to 
the  tracking  DSP,  control  an  analogue  variable  gain 
amplifier  and  a  digital  gain  block  attempting  to 
maintain  a  Gaussian  sample  distribution.  Although 
not  implemented  in  the  current  firmware  release,  the 
AGC  architecture  would  allow  interference  detection 
and  enhanced  mitigation. 
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Figure  2  GNSS  receiver  front-end  configuration. 

Channel  Hardware 

Each  channel  can  simultaneously  track  the  C/A-code, 
and  P-code  at  LI  and  L2  of  either  a  GLONASS  or 
GPS  satellite.  Two-bit,  dual  frequency  samples  from 
both  systems  enter  each  channel.  A  multiplexer  is 
used  to  select  the  relevant  system’s  samples.  To 
reduce  the  number  of  gates  the  orthogonal 
relationship  between  the  C/A  and  P(L1)  is  used, 
consequently  only  a  single  LI  carrier  NCO  is 
implemented.  From  the  I  and  Q  correlation 
summations  this  assumption  has  been  shown  to  be 
true  for  GPS.  However,  for  GLONASS  the  mean 
deviation  from  orthogonal  between  C/A  and  P(L1) 
has  been  measured  up  to  5°.  The  carrier  loop  is 
driven  by  the  C/A  code,  the  code  discriminators  are 
non-coherent  and  so  this  error  does  not  affect  the 
P(L1)  code  observable.  The  digital  image  reject  mix 
is  used  to  maximize  the  CNR.  The  carrier  NCO 
produces  four  phase  control  bits  and  counts  modulo- 
twelve  so  that  the  mixer  rotates  the  input  samples  in 
steps  of  30°  which  fits  conveniently  with  the  input 
and  output  two  bit  amplitude  quantization. 

Each  sub-channel  (C/A,  P(L1)  and  P(L2))  has  four 
correlators  during  steady-state  tracking  -  punctual  and 
‘early  minus  late’  in  both  I  and  Q.  During 
acquisition,  all  twelve  correlators  (six  I  and  Q)  can  be 
configured  to  operate  with  the  C/A  code  and  search 
over  a  six-chip  window  to  reduce  the  acquisition 
time.  A  second  C/A  code  generator  is  also 
implemented  to  allow  the  channel  to  track  the  LI  C/A 
code  of  two  different  satellites  if  P-code  tracking  is 
not  required.  This  also  has  the  advantage  that,  if  GPS 
or  the  new  GLONASS-M  satellites  start  transmitting 
C/A  code  at  L2,  this  can  be  tracked  with  the  CNR 
gain  and  the  consequent  increase  in  observable 
precision  over  encrypted  P-code  (A-S).  Alternatively, 
the  receiver  can  be  used  for  all-in-view  GPS  and 
GLONASS  single  frequency  navigation  or 
monitoring. 


High  precision  C/A  code  tracking  is  achieved  by 
using  narrow  correlation  [7],  a  variety  of  spacings  are 
available  with  a  minimum  early/late  delay  of  70ns 
(two  cycles  of  the  28.5MHz  sample  clock).  The 
hardware  accumulation  period  has  various  software 
controllable  settings  between  0.25ms  and  20ms.  This 
allows  the  possibility  of  very  rapid  acquisition  of  high 
CNR  satellites  as  a  search  of  all  C/A  code  phases  can 
be  performed  quickly.  Long  integration  during  steady 
state  tracking  increases  the  SNR  in  the  tracking 
loops.  The  integration  time  flexibility  allows  the 
receiver  to  be  used  with  high  data  rate  pseudolites 
and  Inmarsat-Ill  transmissions.  At  the  end  of  the 
accumulation  period  the  summations  are  latched  and 
the  processor  interrupted.  The  NCO  frequency 
control  words  are  double  buffered  with  the  new  word 
applied  at  the  start  of  the  accumulation  period.  This 
provides  a  constant  delay  between  the  end  of  the 
correlation  period  and  the  application  of  the  new 
NCO  frequencies.  Consequently  the  tracking 
performance  is  invariant  to  changes  in  the  DSP 
processing  load  as  the  delay  is  accounted  for  in  the 
tracking  loops.  Figure  3  provides  a  simplified 
schematic  of  the  channel. 

To  reduce  the  hardware  complexity  of  the  channel, 
only  a  single  P-code  generator  is  used  (Figure  4). 
Separate  LI  and  L2  P  code  NCOs  clocked  at  the 
sample  speed  provide  up/down  signals  to  a  cycle 
difference  counter.  The  output  of  the  cycle  difference 
counter  is  used  to  control  a  multiplexer  which  has  an 
input  N  states  of  a  shift  register  clocked  on  the  P(L1) 
code  clock.  The  single  P-code  generator  is  driven  by 
the  P(L1)  code  NCO.  The  output  of  the  code 
generator  is  fed  to  the  shift  register.  The  P(L1)  code 
used  in  the  correlation  process  is  delayed  by  M 
samples  to  allow  for  an  effective  negative  L1-L2 
delay.  This  can  occur  because  of  GNSS  satellite 
relative  L1/L2  and  group  delay  differences  in  the  LI 
and  L2  signal  paths  in  the  RF/IF  processing  of  the 
receiver.  The  P(L2)  code  is  taken  from  the  output  of 
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the  multiplexer,  and  is  identical  to  the  signal 
produced  if  a  separate  code  generator  were  used. 


DSP 

Figure  4  P  code  generation  hardware. 


modulo-two  addition  of  the  P-code  and  a  lower  rate 
W-code  [8].  The  LI  and  L2  samples  are  correlated 
with  the  P-code  in  primary  accumulators.  The  LI  and 
L2  accumulation  sums  are  cross-correlated 
approximately  every  20  P-code  chips,  the  result  is 
summed  in  the  secondary  accumulators.  This  reduces 
the  bandwidth  of  the  noise  and  so  increases  the  CNR 
which  produces  higher  precision  observables. 

All  observables  are  generated  in  hardware  by 
counting  integer  cycles  and  latching  the  phase  outputs 
of  the  NCOS  on  a  common  receiver  measurement 
epoch.  The  current  maximum  sample  rate  of  the  code 
observable  is  IHz  and  lOHz  for  the  carrier.  More 
rapid  rates  could  be  achieved  by  changing  the 
frequency  of  the  observable  strobe,  although  the  filter 
bandwidths  would  need  to  be  widened  in  order  to 
provide  contiguous  independent  observables. 


The  hardware  allows  for  a  variety  of  codeless 
techniques  to  be  implemented.  These  include 
enhanced  CNR  techniques  such  as  pre-correlation 
with  the  P-code  followed  by  a  type  of  L1/L2  cross¬ 
correlation  or  L2  squaring  as  well  as  standard  cross¬ 
correlation.  The  preferred  method  is  to  take 
advantage  of  the  Y  code  (encrypted  P-code)  being  a 


Figure  5  provides  an  overview  of  the  carrier 
observable  hardware.  An  18-bit  counter  is  clocked  by 
the  most-significant-bit  (MSB)  of  the  carrier  NCO 
and  counts  the  number  of  integer  carrier  cycles  over 
the  measurement  period.  The  counter  will  wrap  over 
several  times  as  the  digital  IF  frequencies  are  a  up  to 
several  megahertz  for  some  of  the  GLONASS 
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channels.  However,  by  removing  the  integer  number 
which  would  occur  on  the  counter  over  the 
measurement  period  with  no  Doppler,  the  number  of 
Doppler  cycles  can  be  unambiguously  measured  for 
velocities  in  excess  of  ±10km/s.  By  adding  the 
partial  phase  latched  from  the  phase  register  of  the 
NCO  the  sub-cycle  component  of  the  carrier 
measurement  can  be  made.  Twelve  bits  of  partial 
phase  are  latched  however,  due  to  the  NCO  counting 
modulo-twelve  the  resolution  of  the  carrier 
measurement  is  1/3072  (approximately  0.06mm  for 
LI  GPS). 


Figure  5  Carrier  phase  measurement  hardware. 


An  overview  of  the  C/A  code  phase  measurement  is 
given  in  Figure  6.  Sixteen  bits  of  the  partial  phase  of 
the  code  NCO  are  latched  on  the  Ipps  measurement 
epoch  giving  a  GPS  C/A  code  resolution  of 
approximately  4.6mm.  A  counter  reset  on  the  code 
epoch  provides  the  number  of  integer  chips  modulo 
1ms.  To  produce  a  pseudorange  without  the  1ms 
ambiguity  a  counter  is  reset  during  acquisition  when 
the  received  system  epoch  in  the  data  message  is 
detected.  The  counter  is  incremented  on  the  code 
epoch  and  counts  modulo- 1000, 


Figure  6  C/A  code  phase  measurement  hardware. 
Receiver  Firmware 


The  normal  method  for  warm  acquisition  in  the 
receiver  is  to  set  the  code  and  carrier  Doppler 
frequencies  to  the  a  priori  estimate  using  satellite 
almanac  information  and  a  receiver  position  estimate. 
The  C/A  code  is  generated,  I  and  Q  correlation 
values  are  produced  every  millisecond  synchronous 
with  the  C/A  code  epoch.  All  correlators  used  in  the 


channel  are  configured  to  search  for  C/A  code  energy 
with  a  spacing  between  them  of  one  chip.  If  energy 
is  not  detected  the  code  is  shifted.  In  order  for  the 
receiver  to  have  locked  a  detection  threshold  must  be 
exceeded.  Consider  the  case  when  there  is  no  signal, 
I  and  Q  correlation  sums  are  independent  with  zero 
expectation,  a  standard  deviation  a  and  are  assumed 
Gaussian.  The  detection  function  is  f  -1-  For  the 
noise  only  case  it  can  be  shown  using  standard 
expressions  [9]  that: 

=  20^  (1) 

variance(P  +  =  4</  (2) 

Because  two  independent  Gaussian  distributions  have 
been  squared  and  sununed,  the  resulting  distribution 
is  Chi-squared  (x^)  with  two  degrees  of  freedom.  The 
signal  plus  noise  case  must  now  be  considered.  Using 
the  relationship  [10]: 

fi!  =  2—T  (3) 

No 


where  T  is  the  correlation  period,  a  the  receiver 
noise,  A  signal  and  C/N^  is  the  CNR.  It  can  then  be 
shown  that: 
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the  resulting  distribution  is  non-centralised  due  to 
the  correlator  totals  having  non-zero  expectation. 
From  this  it  is  possible  to  analyze  the  probability  of 
missed  detection  and  false  alarm  for  a  given  CNR 
and  hence  calculate  the  mean  time  to  acquisition.  A 
threshold  was  set  to  allow  acquisition  of  satellites 
within  the  receiver  specification  and  the  acquisition 
performance  was  analyzed. 


Once  the  threshold  is  passed  the  tracking  progresses 
to  the  next  state  where  a  200Hz  bandwidth  frequency 
lock  loop  (FLL)  operates  for  20ms.  During  this  time 
the  twenty  independent  values  of  are 

accumulated  and  compared  against  a  threshold  with 
a  very  low  probability  of  false  alarm  in  order  to 
confirm  lock.  During  all  stages  of  the  tracking 
progressively  more  stringent  checks  are  made  on  the 
correlation  values  to  confirm  lock,  without  incorrectly 
flagging  a  low  CNR  satellite  as  having  unlocked.  A 
lOHz  non-coherent  one-chip  delay  lock  loop  is  also 
initiated  aided  by  the  FLL.  Provided  the  threshold  is 
exceeded  the  carrier  tracking  hands  over  to  a  third 
order  lOOHz  PLL.  The  early  correlator  is  switched 
over  to  generate  early  minus  late,  this  leaves  the  late 
correlator  free  (it  is  later  used  for  P-code  tracking) 
and  the  discriminator  is  changed  to  a  non-coherent 
dot-product.  The  bandwidths  of  the  PLL  and  DLL 
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are  reduced  until  they  are  lOHz  and  IHz  respectively. 
The  correlation  chip  spacing  is  also  reduced.  The 
data  bit  edges  are  determined  and  then  the  hardware 
correlation  period  is  increased  from  Ims  to  lOms. 
This  has  the  advantage  of  reducing  the  processor  load 
by  a  factor  of  10  while  increasing  the  signal-to-noise 
ratio  in  the  tracking  loops.  Apart  from  differences  in 
the  code/carrier  ratio  constants  used  in  the  tracking 
loop  aiding,  the  source  for  the  above  algorithms  is 
common  to  GPS  and  GLONASS  operation. 

At  this  stage  the  C/A  code  is  fully  locked  and  ready 
to  produce  observables  once  any  transients  have 
ceased.  A  search  for  the  pre-amble  is  initiated.  Once 
it  is  found  a  parity  check  is  performed  and,  if 
successful,  the  time  from  the  message  is  extracted  for 
measurement  time-tagging.  With  this  time 
information,  the  GPS  or  GLONASS  P-code  generator 
can  be  initiated  such  that  the  LI  code  is  exactly  in 
phase  with  the  incoming  signal,  except  for  Gaussian 
C/A  tracking  noise  and  multipath.  P(L2)  will  be  in 
error  by  the  ionosphere  and  relative  L1/L2  receiver 
group  delay.  Typically  this  will  be  less  than  a  few 
chips  and  so,  once  time  information  is  available, 
dual-frequency  P-code  acquisition  is  very  rapid.  GPS 
provides  the  time  at  the  beginning  of  each  six-second 
line.  Included  in  the  HOW  word  is  a  flag  to  indicate 
whether  A-S  is  enabled.  If  encrypted,  the  receiver 
automatically  acquires  and  tracks  the  satellite’s  P- 
code  in  a  codeless  mode.  GLONASS  only  transmits 
the  time  once  every  thirty  seconds.  Fortunately,  as 
the  GLONASS  P  code  repeats  every  second,  it  is  not 
necessary  to  know  the  time  only  the  position  within 
the  data  message;  the  GLONASS  P-code  starts 
synchronous  with  the  beginning  of  each  two-second 
line.  A  GLONASS  codeless  tracking  mode  is 
available  however,  as  GLONASS  has  never  been 
observed  to  have  any  encryption  invoked  it  is  not 
possible  to  analyze  how  successful  the  tracking  would 
be,  for  example  if  a  future  encryption  modulated  a 
different  PN  code  onto  the  LI  and  L2  carriers  the 
present  tracking  would  fail.  The  L2  carrier  loop  is 
aided  by  the  LI  loop  which  is  driven  by  the  C/A 
code  (for  GPS  the  transmitted  LI  C/A  code  power  is 
3dB  greater  than  P(L1)  and  6dB  greater  than  P(L2) 
[11]).  Both  the  LI  and  L2  P  code  tracking  is  also 
aided  by  the  C/A  carrier  loop.  The  nominal 
bandwidth  for  the  code  loops  is  IHz  with  lOHz  for 
the  carrier. 

When  the  codeless  tracking  is  invoked  the  data 
message  is  removed.  Consequently  much  longer 
integration  periods  are  possible  in  order  to  increase 
the  tracking  loop  SNR.  This  is  implemented  in  the 
current  firmware.  Also,  as  the  BPSK  data  has  been 
removed,  a  ±180“  arctangent  look-up-table  can  be 
used  to  increase  the  operating  region  of  the  carrier 
discriminator. 


Receiver  Processing  Unit 

The  processing  is  split  between  an  Analog  Devices 
ADSP21020  DSP  which  is  currently  undergoing  an 
ESA  sponsored  spatialisation  program  and  the  host 
PC.  The  PC  software  provides  the  user  interface, 
navigation  solution,  observable  storage,  satellite 
selection,  acquisition  a  priori  Doppler  calculation  and 
extraction  of  the  navigation  parameters  from  the 
received  binary  data.  These  functions  will  be  ported 
to  the  DSP  or  a  new  processor,  depending  on 
processor  load,  during  the  next  phase  of  the  receiver 
development.  The  PC  communicates  with  the  DSP 
via  dual-port  RAM  (DPRAM)  accessed  from  the  PC 
ISA  bus.  The  DSP  performs  signal  acquisition, 
receiver  control,  satellite  tracking,  sampling  board 
control  (AGC  functions),  and  observable  generation. 
The  DSP  board  consists  of  the  processor  with  boot 
EPROMs,  32K  words  of  program  SRAM,  32K  words 
of  data  SRAM,  4Kxl6  bits  of  DPRAM,  a  DUART 
and  an  FPGA.  The  FPGA  is  used  for  receiver  time 
base  generation  and  processor  glue  logic.  Flexibility 
has  been  built  into  the  processor  board  to  allow 
development.  The  processor  can  be  booted  from  the 
EPROMs,  a  serial  port,  the  DPRAM  or  a  JTAG 
port,  and  can  address  up  to  4  antennae  and  64 
channels  (this  may  be  useful  for  attitude 
determination  applications).  All  core  components  on 
the  DSP  board  (RAM,  DSP  and  DPRAM)  can  be 
obtained  in  package  and  electrically  compatible  ESA 
approved  space  grades  allowing  easy  migration  to  a 
space-qualifled  receiver.  All  code  has  been  written  in 
‘C’  which  provides  easy  maintenance  and  portability . 

Calibration  Issues 

GLONASS  uses  FDMA  therefore,  unlike  GPS,  the 
receiver  has  a  different  group  delay  at  each  channel 
frequency.  Any  bandpass  element  will  introduce  these 
delays,  i.e.  the  antenna,  filters  and  amplifiers.  In  a 
survey  mode  these  errors  cancel  for  GPS  when  two 
pseudoranges  or  carrier  phase-ranges  are  differenced 
on  the  same  receiver  -  the  single  difference.  For 
GLONASS  this  is  not  the  case  [6,12].  In  order  to 
minimize  these  delays  all  the  filter  elements  in  the 
receiver  have  been  designed  to  provide  flat  group 
delay  characteristics  and  a  low  variation  with 
temperature.  Although  not  implemented  in  the  current 
prototype,  a  real-time  calibration  scheme  has  been 
investigated.  In  the  next  model  of  the  receiver  a 
dedicated  channel  will  be  used  to  track  a  locally 
generated  L1/L2  signal  which  will  switch  between  the 
GLONASS  channels.  This  will  allow  accurate 
GLONASS  inter-channel  bias  calibration  and  also 
provide  a  means  of  measuring  and  removing  the 
relative  L1/L2  receiver  delay  variation. 
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Results 

This  section  illustrates  the  tracking  performance  of 
the  receiver.  The  final  RF/IF  and  sampling  sections 
of  the  prototype  are  not  yet  complete,  and  so  all 
results  shown  use  one-bit  samples  from  a  RF/IF 
section  modified  from  a  previous  Leeds  receiver 
design  [13].  Consequently,  there  is  some  L2 
degradation.  Delivery  of  the  antenna  pre-selection 
filter  is  expected  in  October.  At  present,  an  active 
Trimble  dual  frequency  antenna  is  used  (circa  1990) 
which  is  not  idesd  for  GLONASS,  especially  at  L2. 
The  residual  when  the  accumulated  delta  range  is 
subtracted  from  the  pseudorange  is  given  to  highlight 
the  tracking  performance  and  is  defined  as  follows: 

Pseudorange  observable: 

p=/?  +  r  +  -^  +  7]^^^  (6) 

/u 

Accumulated  delta  range  (ADR)  observable: 

71,2 

R  -  geometric  satellite  to  receiver  range 
T  -  clock  offset 

7],^  and  are  the  tracking  noise 
N  -  carrier  observable  integer  ambiguity 
X  -  carrier  wavelength 

I/f,  2  -  frequency  dependent  ionospheric  delay 
The  residual  is  given  by: 

P  -  <t>  =  ricode  -  Carrier  ^  <*) 

/l,2 

provided  carrier  lock  is  maintained  N  is  constant. 
Consequently  the  noise  on  the  code  observable  is 
given  (since  Vcode>V corner)-  By  manipulating  the  LI 
and  L2  ADR  it  is  possible  to  remove  the  ionospheric 
profile.  In  any  practical  situation  the  code  phase  noise 
will  include  a  significant  contribution  from  multipath. 

GPS  Data 

Figure  7  provides  dual  frequency  observables  from  a 
GPS  satellite,  taken  when  A-S  was  not  active.  The 
data  shown  in  this  graph  was  taken  at  IHz  with  LI 
and  L2  code  bandwidths  of  IHz,  carrier  bandwidths 
of  lOHz  and  an  integration  time  of  10ms.  No  carrier 
smoothing  or  filtering  has  been  applied  to  the  data.  A 
linear  combination  of  LI  and  L2  ADR  has  been 
subtracted  to  remove  the  ionospheric  affect,  all  three 
curves  are  flat  and  therefore  the  receiver  is  correctly 
tracking  the  L1/L2  ionospheric  divergence. 


of  less  than  approximately  15m.  In  this  region  the  P 
and  C/A  code  discriminators  produce  the  same  error 
for  a  multipath  signal.  The  P(L1)  and  P(L2)  data  is 
uncorrelated  due  to  the  different  carrier  wavelength. 


C/A  o  =  0.5293m,  P(1)  o  =  0.3334m 
A  P(9\  n  =  n  4nd9m 


•"b  0.2  0.4  0.6  0.8  1  1.2  1.4  1.6  1.8  2. 

Time  [Seconds]  x10 

Figure  7  lonospherically  corrected  pseudorange 
minus  ADR  for  C/Ay  P(l)  &  P(2),  Average  values 
offset  for  presentation. 


Although  the  multipath  signal  will  have  the  same 
additional  path  length  for  LI  and  L2,  the  number  of 
carrier  cycles  (and  in  particular  the  partial  phase)  will 
be  different  for  LI  and  L2  due  to  the  different 
wavelengths.  Therefore,  the  degree  of  constructive/ 
destructive  interference  to  the  direct  signal  is 
different  for  the  two  frequencies.  This  affects  the 
error  in  the  code  loop.  The  measurement  correlation 
can  be  seen  in  Figure  8. 


Figure  8  Cross-correlation  between  C/A  &  P(l)y  and 
P(l)  P(2). 

To  show  the  performance  comparison  against  a 
commercial  receiver  the  antenna  feed  was  also 
connected  to  a  Trimble  4000SSE  and  both  receivers 
instructed  to  track  the  same  satellite.  Figure  9  shows 
the  resulting  C/A  code  data  for  a  one  hour  segment 
when  the  satellite  was  close  to  zenith.  The  Trimble 
had  a  standard  deviation  of  24.5cm,  the  Leeds 
receiver  was  slightly  noisier  at  29.5cm.  The  Leeds 
bandwidths  were  as  stated  above,  no  data  for  the 
Trimble  tracking  loops  was  available.  The  low 
frequency  noise,  on  the  order  of  a  few  minutes,  are 
caused  by  multipath  and  are  correlated  between  the 
receiver  -  see  Figure  10. 


The  C/A  and  P(L1)  have  a  correlation  coefficient  of  Codeless  GPS  Data 

approximately  0.7  with  a  zero  time  shift,  this  is  due 

to  multipath  reflections  with  a  differential  path  length  Figure  12  shows  a  five  hour  segment  of  data  tracking 
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GPS  P-code  in  a  codeless  mode.  The  current 
algorithm  is  still  under  development  however,  as  can 
be  seen,  the  receiver  is  successfully  tracking  the  P- 
code  when  A-S  is  enabled.  The  P-code  tracking  loops 
used  during  the  tracking  session  presented  in 
Figure  12  had  a  bandwidth  of  O.lHz,  integration 
period  of  100ms,  and  are  aided  by  the  C/A  code.  To 
confirm  that  the  tracking  is  not  correlating  the  P(L1) 
and  P(L2)  measurements,  the  cross-correlation  was 
produced  -  Figure  11.  The  expected  correlation 
between  C/A  and  P(L1)  is  due  to  multipath,  whereas 
P(L1)  and  P(L2)  are  uncorrelated.  Any  further 
processing  of  the  data  would  use  the  C/A  code  as  the 
LI  code  observable. 


Time  [Secxinds] 


Figure  9  C/A  code  pseudorange  minus  accumulated 
delta  range  for  PRN15  on  7th  August  1995  from  a 
Trimble  4000SSE  and  the  University  of  Leeds  GNSS 
receiver  on  a  zero  baseline. 


Time  Shift  [Seconds] 


Figure  10  Cross-correlation  of  the  Trimble  and  Leeds 
data  given  in  Figure  9. 


Time  Shift  [Seconds] 


Figure  11  Cross-correlation  between  C/A  &  P(l), 
and  P(l)  <Sc  P(2)  for  the  data  in  Figure  12. 

Figure  13  gives  data  from  PRN  14  taken  on  5/9/95, 
during  this  session  the  codeless  P-code  loops  were 
increased  to  IHz.  To  show  the  carrier  tracking 
precision  of  the  data,  the  L2  carrier  phase  was 
subtracted  from  the  LI.  This  produces  a  profile 


which  changes  according  to  ionospheric  activity. 


Time  [Hours] 


Figure  12  lonospherically  corrected  pseudorange 
minus  ADR  for  C/A,  P(l)  P(2)  of  PRN  9  on  26th 
August  1995  (A/S  on).  Code  tracking  bandwidths  of 
C/A  IHz,  codeless  P(l)  &  P(2)  O.lHz. 


Time  [Hours  GMT] 


Figure  13  PRN  14  on  5/9/95  (A/S  on).  Codeless 
bandwidths  IHz. 

To  produce  an  estimate  of  the  carrier  phase 
measurement  noise  the  data  was  split  into  overlapping 
30  minutes  segments.  A  quadratic  fit  was  removed 
from  each  section  to  remove  the  ionosphere 
divergence.  The  standard  deviation  of  the  30  minutes 
of  de-trended  data  was  then  calculated  and  plotted, 
this  is  given  in  Figure  14.  The  elevation  angle  is  also 
given  in  the  plot.  It  can  be  seen  that  at  high 
elevations  the  standard  deviation  of  the  difference  in 
LI  and  L2  carrier  phase  observables  is  as  low  as 
2mm,  the  LI  carrier  phase  is  obtained  from  tracking 
the  C/A  code  (lOHz  bandwidth),  L2  is  from  codeless 
tracking  of  P(L2)  (IHz  bandwidth).  Remaining  errors 
are  multipath  and  residual  ionospheric  effects. 

GLONASS  Data 

Figure  15  shows  ionospherically-corrected  residual 
data  from  GLONASS  almanac  15  (channel  number  4) 
taken  on  30/8/95.  The  L2  data  is  degraded  due  to  the 
commercial  GPS  Trimble  antenna  unit  used  during 
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Figure  14  Thirty  minute  standard  deviations  of  LI 
minus  L2  (minus  quadratic  fit)  carrier  phase  and 
satellite  elevation  from  the  same  data  set  as  given  in 
Figure  13. 


the  test.  The  measured  L2  return  loss  at  the 
GLONASS  frequency  is  ‘5dB  and  at  GPS  it  is  “25dB. 
No  data  was  available  for  the  antenna  gain  at 
GLONASS  frequencies.  The  measurements  generally 
have  approximately  twice  the  standard  deviation  of 
that  for  GPS  for  similar  CNR  due  to  the  chip  length 
of  GLONASS  being  twice  that  of  GPS.  Because  of 
the  difference  in  chip  lengths,  GLONASS  is  affected 
by  multipath  with  differential  path  lengths  twice  that 
of  GPS;  this  also  adds  to  the  standard  deviation  of  the 
code  phase  measurements. 

C/A  o  *  0.87m,  P(1)  a  =  0.59m 
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Figure  15  lonospherically  corrected  pseudorange 
minus  ADR  for  C/A,  P(l)  &  P(2).  Average  values 
offset  for  presentation. 


Future  Developments 

The  results  shown  above  are  from  provisional  tests  at 
Leeds.  The  current  receiver  is  a  19"  rack-mount  unit 
with  considerable  power  consumption  due  to  the  large 
number  of  FPGAs.  The  channel  processing  hardware 
resides  entirely  within  FPGAs  and  the  development 
of  a  space-qualified  multichannel  ASIC  is  a  major 
part  of  the  next  phase  of  the  program.  IMEC  in 
Belgium  and  Alcatel  Espacio  in  Spain  with  the  help 


of  the  Leeds  team  are  currently  producing  VHDL 
code  from  the  FPGA  schematics.  Also  during  the 
next  phase,  the  RF/IF  circuitry  will  be  miniaturized 
and  code  resident  on  the  PC  ported  to  the  DSP. 
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ABSTRACT 

The  combined  utilization  of  both  the  GPS  and 
GLONASS  systems  is  of  particular  interest  for 
improving  the  availability,  accuracy  and  reliability  of 
satellite  positioning  data,  especially  in  certain  civil 
applications  that  require  high  levels  of  precision  and 
integrity.  On  the  other  hand,  high-precision 
applications  such  as  integrity  monitoring  or 
differential  reference  systems  require  antennas  with  a 
high  level  of  multipath  rejection  and  a  high  degree  of 
phase  uniformity,  while  covering  the  upper 
hemisphere  with  a  smooth  gain  pattern  and  with 
minimum  axial  ratio. 


In  this  paper,  we  shall  present  an  antenna  system 
which  has  been  developed  to  satisfy  the  above  stated 
requirements  in  the  frequency  band  of  both  the  GPS 
L1/L2  and  GLONASS  L1/L2  systems.  The  antenna 
element  is  built  up  as  a  superstrate  loaded  stacked 
microstrip  configuration  flushmounted  on  a  corrugated 
ground-plane.  Performance  optimization  with 
emphasis  on  multipath  rejection  has  been  carried  out 
and  will  be  presented  here.  Some  special  techniques 
for  improving  the  radiation  pattern  and  AR  level  have 
been  incorporated  and  are  described.  Design 
considerations  covering  broadbanding  the  AR,  input 
reflection  coefficient,  and  antenna  gain  properties  are 
also  discussed. 

INTRODUCTION 

The  multipath  phenomenon  is  one  of  the  most 
dominant  error  sources  in  high-precision  satellite 
positioning  and  navigation.  Particularly  in  phase 
tracking  systems  it  can  lead  to  significant  relative 
errors  [1].  In  differential  GPS  (DGPS)  it  has  been 
well-established  as  the  dominant  error  source  [2].  In 
order  to  achieve  an  efficient  multipath  rejection,  one 
needs  an  antenna  with  sharp  pattern  roll-off  at  low 
elevation  angles.  The  multipath  error  investigation  of 
Braash  [2]  shows  that  not  only  for  low  elevation  angle 
satellites  but  even  for  the  high  elevation  angle  ones 
multipath  error  occurs.  Hence  for  an  optimum  antenna 
design  very  low  levels  of  side-  and  backlobes  are  also 
required.  We  have  improved  the  multipath  rejection 
property  in  a  powerfiil  manner  through  the  proper 
combination  of  substrate  and  superstrate  and  through 
the  use  of  a  corrugated  ground-plane. 

Using  two  stacked  flat  resonators,  which  are  driven 
separately,  exhibits  many  advantages  for  a  dual-band 
GPS/GLONASS  reception.  Due  to  the  enhanced 
isolation  between  the  patcher,  there  is  an  inherent 
band  separation  and  thus  preventing  undesired  signals 
outside  of  the  frequency  bands.  The  phase  center 
locations  of  the  two  stacked  microstrip  antennas  are 
relatively  stable.  With  some  improvement  techniques 
we  can  achieve  an  acceptable  multipath  property.  And 
the  overall  AR  level  is  also  good. 
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Furthermore  is  a  bandwidth  of  more  than  3  .4%  for  each 
frequency  band  L1/L2  necessary  for  the  reception  of 
both  GPS  and  GLONASS  signals.  Since  microstrip 
antennas  exhibit  an  inherent  narrow  bandwidth, 
broadbanding  techniques  are  necessaiy  to  maintain  the 
desired  VSWR,  AR  and  gain  level  within  each 
frequency  band.  Desired  bandwidth  is  achieved  by 
means  of  the  decreased  quality  factor  of  the  antenna. 
This  technique  has  nevertheless  some  disadvantages 
which  should  be  minimized. 

Another  effort  is  adapting  the  radiation  pattern  to  the 
hemispherical  coverage.  Some  investigations  are  done 
to  find  the  suited  configuration.  Lowering  the  AR  level 
is  another  concern  in  an  optimum  antenna  design.  It  is 
found  that  higher  order  modes  and  unequal  E-  and  H- 
plane  radiation  patterns  of  the  linear  patches  at  low 
elevation  angles  are  the  main  sources  of  circular 
polarized  crosspolarisation.  These  effects  should  also 
be  minimized. 

Antenna  requirements: 

Frequency  bands:  LI  1.565-1.620  GHz 
L2  1.217-1.262  GHz 

Radiation  pattern:  Hemispherical  up  to  5  degrees 
elevation; 

Sharp  pattern  roll-off  at  the 
elevation  angles  below  5  degrees; 
Very  low  side-  and  backlobes. 


Polarization:  Right-hand  circulary  polarized; 

AR-  level  over  the  entire  coverage 
area.lower  than  3  dB. 

Phase  response:  Uniform  over  the  entire  coverage 
area. 

Computation  method 

The  analysis  and  determination  of  the  antenna 
structure  is  carried  out  by  means  of  the  full-wave 
analysis  method  [16].  It  applies  the  mixed  potential 
integral  equation  formulation  based  on  Green’s 
function  treatment  and  the  method  of  moments.  This 
method  provides  the  most  accurate  results  among  the 
other  computing  models  and  enables  the  consideration 
of  the  mutual  coupling  effects  between  the  patches  and 
the  capacitors,  the  effect  of  the  superstrate  and  also  the 
effect  of  the  short  circuiting  of  the  lower  patch  as  well 
as  the  consideration  of  the  surface  waves.  A  full-wave 
analysis  program  has  been  used  to  perform  the 
antenna  simulations.  For  all  simulations  infinite 
extension  of  the  substrate  and  the  ground-plane  is 
assumed.  Close  agreement  between  simulated  and 
measured  results  has  been  observed. 

Antenna  configuration 

It  is  well  known  that  single-fed  microstrip  antennas 
have  a  narrow  AR  bandwidth.  Thus  a  dual-fed 
configuration  is  chosen  for  the  excitation  of  circular 
polarization.  Two  probe  feeds  are  excited  with  equal 
amplitude  and  with  90°  difierence  phase  by  means  of 
an  hybrid  coupler.  Fig  1  illustrates  the  configuration  of 
the  antenna.  The  antenna  is  built  up  as  a  superstrate 
loaded,  piggyback  microstrip  configuration.  A  phase 
shifting  circuit  is  designed  in  stripline  technique  and 
placed  on  the  backside  of  the  antenna  ground-plane  to 
avoid  spurious  radiation.  It  consists  of  two  separate 
hybrid  couplers,  respectively  for  LI  and  L2  bands. 
This  separation  provides  an  inherent  band  isolation 
and  optimum  hybrid  properties  for  each  frequency 
band. 

The  piggyback  configuration  has  the  advantage  of 
inherent  band  separation  of  each  radiating  patch. 
Furthermore,  the  simulations  have  shown  that  the 
radiation  pattern  of  each  patch  is  not  affected  and  thus 
not  degraded  by  the  other  patch  ( Fig.  2).  In  contrast  to 
the  piggyback  configuration,  an  alternative 
arrangement  such  as  the  electromagnetically  coupled 
stacked  patches  exhibits  large  patterns  of  imbalance 
[3]. 

The  antenna  consists  of  two  stacked  four-corner 
truncated  patches.  The  patches  are  fed  by  means  of 
two  microstrip  capacitors  which  are  connected  through 
the  probe  feeds  with  the  corresponding  hybrid.  The 
probe  feed  of  the  upper  patch  is  a  small  diameter 
coaxial  probe  extending  through  the  substrate  of  the 
lower  patch.  Thus  the  lower  patch  is  short  circuited  at 
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two  points  by  the  outer  conductor  of  the  probes  and 
acts  as  the  ground-plane  of  the  upper  patch.  The  upper 
patch  is  loaded  with  a  superstrate.  The  substrate  and 
the  superstrate  of  the  upper  patch  acts  as  the 
superstrate  of  the  lower  patch. 


Fig.2  :  Radiation  pattern  of  a  lower  patch  in  a 
piggyback  antenna  configuration. 

Broadbanding  and  AR-level 

Various  techniques  of  broadbanding  have  already  been 
investigated  by  several  authors.  It  is  well  known  that 
arranging  parasitic  elements  either  above  [4]  or  beside 
[5]  the  radiating  patch  improves  the  bandwidth. 
However  plane  parasitic  elements  have  the 
disadvantage  of  some  pattern  asymmetry  and  pattern 
change  at  different  frequencies.  Stacked  parasitic 
configurations  have  also  reduced  efficiency  and  it  is 
complicated  to  incorporate  them  in  a  dual  frequency 
stacked  patch  design.  Another  wideband  technique  is 
the  use  of  impedance  matching  networks  [6].  The 
proper  matching  network  for  four  feeds  requires  a  too 
big  area  and  can  not  be  placed  in  the  central  cavity  of 
a  corrugated  ground-plane. 

The  bandwidth  of  microstrip  antennas  can  also  be 
increased  by  means  of  a  patch  element  with  a  low 
quality  factor  Qr,  i.e.  by  increasing  the  thickness  of  the 
substrate  and  decreasing  its  dielectric  constant.  This 
method  yields  the  most  structural  simplicity  and 
exhibits  good  radiation  properties.  On  the  other  hand 
it  has  the  disadvantages  of  increased  surfacewave 
radiation,  increased  higher-order  mode  excitation,  and 
increased  input  reactance  by  probe  feeds.  These 
disadvantages  have  to  be  minimized. 

Several  antenna  configurations  have  been  simulated  to 
investigate  the  effects  which  give  rise  to  cross¬ 
polarization  and  increased  AR-level.  Some  results  are 
shown  in  the  figures  3  and  4.  Fig.3-a  and  -b  show  that 
with  lowering  of  the  Qr,  the  level  of  cross-polarization 
increases,.  Feeding  with  four  probes  respectively  with 
0°,  90°,  180°  and  270°  phase  differentials  provides  a 
significant  improvement  in  the  boreside  region  (Fig  3- 
c).  Four-probe  feeding  is  a  well  known  method  for 
suppression  of  the  higher-order  modes  [7],  thus  the 
higher-order  modes  may  be  the  dominant  source  of 
cross-polarization  at  least  in  the  boreside  region.  The 


increased  cross-polar  level  at  low  elevation  angles  is 
due  to  the  unequal  radiation  of  linear  polarized 
components  in  H-  and  E-planes  for  infinite  extension 
of  ground-plane  and  substrate.  The  effect  of  applied 
superstrate  on  the  cross-polarization  and  AR-level  is 
negligible  (Fig.  3-d). 


Fig.3  :  Crosspolar  radiation  pattern,  a)  Antenna 
with  Qr  equal  to  42,  b)  Antenna  with  Qr  equal  to 
33,  c)  (—  — )Antenna  with  Qr  equal  to  33  and  four  feed 
points,  d)  ( — )  Antenna  with  Qr  equal  to  33  and  with 
superstrate. 

Since  the  four-feed  method  requires  a  big  area  for  its 
phase  shifting,  a  novel  configuration  was  developed  to 
reduce  the  generation  of  higher-order  modes,  and  thus 
the  AR-level  of  the  antenna  :  a  four  corner  truncated 
rectangular  patch.  Teshirogi  and  Goto  [8]  have  already 
used  the  circular  polarizer  notches  in  microstrip  disc 
antennas  to  suppress  the  higher-order  modes. 
Generating  circular  polarization  by  means  of  two 
truncated  corners  is  also  a  well  known  method  [9]. 
Depending  on  the  orientation  of  the  truncated  corners 
and  the  feed,  the  antenna  will  be  right-  or  left-hand 
polarized.  Therefore  a  dual-feed  antenna  with  only  two 
truncated  comers  generates  both  right-  and  left-hand 
polarizations  and  the  higher-order  mode  suppression 
will  be  not  efficient  enough.  Using  four  truncated 
corners  results  in  a  remarkable  improvement  of 
crosspolarization,  particularly  in  the  boreside  region. 
Fig.  4  shows  this  effect.  At  first  the  tmncation 
geometry  has  been  determined  with  the  simple  closed 
equation  presented  by  Haneishi  et.  al.  [9].  With  these  a 
priori  values  the  accurate  geometry  is  then  determined 
by  means  of  the  fullwave  simulations. 

Low  quality  factor  has  also  the  disadvantage  of 
increasing  the  reactance  of  the  probe  feed  and  fiius  a 
mismatch,  even  at  resonance.  This  mismatch  decreases 
the  VSWR-bandwidth  and  worsens  the  AR  properties 
of  the  antenna.  By  means  of  a  microstrip  capacitor 
which  is  placed  below  the  radiating  patch  ^ig.  1),  the 
probe  reactance  is  canceled  out  within  the  radiating 
stmcture  .  The  bandwidth  is  increased  from  2.2 
percent  to  3.4  percent  and  low  AR  level  is  maintained 
due  to  the  coincidence  of  resonant  frequency  of  the 
antenna  and  the  middle  frequency  of  the  operation 
band.  The  microstrip  capacitors  cause  a  slight  increase 
of  cross-coupling  of  the  feeds  and  thus  a  small 
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increase  of  AR  level.  However,  the  measured  AR- 
levels  show  that  this  effect  has  not  greatly  influenced 
the  AR-properties  of  the  antenna. 


Fig  4  :  Crosspolar  radiation  pattern.  — )  Rectangular 

patch  with  low  quality  factor.  ( - )  Four  corner 

truncated  rectangular  patch  with  low  quality  factor. 


Radiation  pattern 

The  ideal  antenna  would  have  uniform  gain  from 
zenith  to  5  degrees  elevation  angle,  then  an  immediate 
roll-off  for  all  other  angles  below  5  degrees.  Some 
techniques  to  approximate  the  ideal  radiation  pattern 
have  been  investigated.  The  primary  idea  was  to 
combine  two  different  radiation  patterns  of  two 
radiating  elements  to  achieve  the  desired  pattern.  In 
order  to  have  a  relative  simple  stacked  configuration, 
the  radiating  elements  had  to  be  in  the  same  plane  and 
be  coupled  electromagnetically.  An  annular-ring- 
loaded  circular-disc  radiator,  in  which  the  TM2i-mode 
in  annular-ring  and  TMii-mode  in  circular-disc  are 
excited,  appeared  to  be  the  most  proper  candidate.  The 
simulations  and  the  measurements  showed  only  a  poor 
coupling  between  the  probe  feed  excited  circular-disc 
and  the  annular-ring.  The  radiation  pattern  of  the 
circular-disc  was  not  affected  by  the  ring  and  thus  the 
desired  pattern  could  not  be  achieved. 

The  next  possibility,  the  effects  of  the  substrate 
properties  on  the  radiation  patterns,  have  also  been 
investigated.  It  has  been  observed  that  by  increasing 
the  relative  permitivity,  the  gain  at  the  middle  and 
lower  elevation  angles  also  increases  and  the  radiation 
pattern  tends  to  be  an  hemispherical  one.  On  the  other 
hand,  by  increasing  the  relative  permitivity,  the  gain  at 
5  degrees  and  lower  elevation  angles  also  increases 
and  the  multipath  rejection  will  fail. 

However,  the  simulation  of  several  superstrates  has 
shown  that  one  can  overcome  this  problem  with  a 
proper  combination  of  the  superstrate  and  the 
substrate.  The  effect  which  could  be  applied  is  that  the 
proper  superstrate  gives  rise  to  a  strong  elevation 
angle  dependent  decrease  of  the  gain.  It  means  that  the 
decrease  of  the  elevation  angle  first  becomes 
remarkable  and  significant  at  15  degrees  and  10 
degrees  elevation  angle  respectively.  Thus  with  a 


proper  combination  of  substrate  and  superstrate  it  is 
possible  to  achieve  both  an  approximated 
hemispherical  pattern  and  an  acceptable  rejection.  Fig. 
5  illustrates  this  effect. 
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Fig  5  :  ( — — Antenna  without  superstrate.  ( - ) 

Antenna  with  superstrate. 

Corrugated  ground-plane 

Generating  hybrid  modes  through  the  corrugated 
surfaces  is  a  well-known  method  for  achieving 
radiation  pattern  symmetiy  and  very  low 
crosspolarisation  in  corrugated  horns.  As  a  simple 
approximation  one  can  consider  the  corrugated  wall  as 
a  reactive  surface  with  a  vanishing  admittance  Y=0  at 
a  proper  corrugation  depth.  The  field  under  this 
condition  has  then  zero  azimuthal  dependence  and  the 
cutoff  corrugated  surface  will  prevent  the  propagation 
of  surface  waves.  Considering  the  corrugated  ground- 
plane  as  a  wide  flare  angle  corrugated  horn  with  a 
semi  flare  angle  equal  to  90°,  one  can  use  the  same 
theory  and  design  considerations  as  for  corrugated 
horns  to  determine  the  structure  of  a  corrugated 
ground  plane. 

Several  models  have  been  proposed  to  predict  the 
properties  of  corrugated  horns.  The  space  harmonic 
model,  proposed  by  Cloarricoats  and  Olver  [10]  yields 
under  considering  of  the  full  slot  geometiy  accurates 
results  for  corrugated  horns  with  a  semi  flare  angle  up 
to  15°.  Cloarricoats  and  Saha  [11]  presented  also  the 
spherical-mode  model  for  predicting  the  properties  of 
conical  horns  with  semi  flare  angles  greater  than  15°. 
Tranquilla  et  al.  [12]  applied  this  model  to  predict  the 
farfield  characteristics  of  several  GPS  antenna  types 
flushmounted  to  a  corrugated  ground-plane.  Their 
computed  results  are  in  close  agreement  with 
measured  data. 

The  corrugation  depth  is  approximately  X/4  or  more 
and  dependent  on  aperture  size  and  flare  angle. 
However  for  accurate  determination  of  its  value,  the 
full  geometry  of  the  slots  should  be  considered.  By  the 
proper  choice  of  corrugation  geometry,  the  number  of 
slots  per  wavelength  is  not  critical  but  a  minimum 
number  of  slots  per  wavelength  are  needed  to  prevent 
the  effect  of  the  non-resonating  slot.  On  the  other  hand 
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the  corrugation  becomes  less  frequency  dependent  as 
the  slot  width  to  ridge  width  ratio  increases  [13] 

For  Ll/12  dual  band  operation  one  can  choose  either  a 
unique  corrugation  depth  corresponding  to  the  lower 
edge  of  the  L2  frequency-band  or  one  can  choose  two 
corrugation  depths,  each  corresponding  with  one 
frequency  band.  Both  techniques  are  already 
successfully  used  in  wideband  corrugated 
horns.[14][15]. 

Based  on  the  spherical-mode  model,  the  corrugation 
depths  have  been  determined  various  diameters  and 
several  corrugated  ground-planes  with  corrugation 
depths  equal  and  higher  to  these  values  have  been 
produced  and  will  be  measured. 

Fig.  9a  and  b  shows  the  measured  radiation  pattern  of 
the  microstrip  antenna  flushmounted  to  a  corrugated 
ground-plane.  The  corrugations  are  0.26X.  depth  at  the 
band  middle  frequency  and  have  a  ridge  width  to  slot 
width  ratio  of  0.1.  The  ground-plane  diameter  is  equal 
to  1.86X,.  Sharp  pattern  roll-off  at  low  elevation  angles 
is  achieved.  The  side-lobes  have  vanished  and  the 
back-lobe  level  has  decreased  to  -38  dB.  Furthermore, 
the  AR-properties  have  improved,  particularly  in 
boreside  direction.  The  pattern  symmetry  has  also 
improved. 

Experimental  results 

Applying  the  techniques  presented  in  this  paper,  an 
antenna  element  flushmounted  to  a  corrugated  ground- 
plane  for  the  LI  band  has  been  produced  and 
measured.  Some  measurement  results  have  been 
shown  in  Fig.  7-9.  The  desired  performances  are 
achieved.  The  antenna  flushmounted  to  the  ground- 
plane  has  excellent  AR-properties  over  the  entire 
coverage  area.  The  multipath  rejection  due  to  sharp 
pattern  roll-off  and  very  low  side-  and  backlobes  is 
performed  and  the  3.4%  bandwidth  is  also  maintained. 
The  antenna  gain  is  equal  to  7  dBic. 

CONCLUSIONS 

High-precision  applications  of  GPS  and  GLONASS 
systems  require  antennas  with  a  high  level  of 
multipath  rejection  and  a  high  degree  of  phase 
uniformity.  They  should  also  cover  the  upper 
hemisphere  with  a  smooth  gain  pattern  and  minimum 
axial  ratio.  An  antenna  system  has  been  presented 
which  has  been  developed  to  satisfy  the  above 
requirements  for  both  systems.  It  has  been  shown  that 
powerful  multipath  rejection  is  possible  by  means  of  a 
proper  substrate-superstrate  combination  and  by  the 
use  of  a  corrugated  ground-plane.  Some  techniques  for 
maintaining  3.5%  bandwidth  have  also  been 
presented.  Proposed  techniques  performed  excellent 
AR  properties  over  the  entire  frequency  band  and  over 
the  entire  coverage  area.  An  antenna  element 


flushmounted  to  a  corrugated  ground-plane  has  been 

produced  and  measured.  The  measurements  have 

confirmed  the  presented  design  techniques. 
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Fig.  8a:  Measured  radiation  pattern  of  the  antenna 
without  corrugated  ground-plane.  Frequency 
1,565  GHz. 
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Fig.7  ;  Return  loss  and  input  impedance  of  the  Ll- 
antenna. 


Fig.  8b:  Measured  radiation  pattern  of  the  antenna 
without  corrugated  ground-plane.  Frequency 
1,620  GHz. 
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Fig.  9a:  Measured  radiation  pattern  of  the  antenna 
flushmounted  to  the  corrugated  ground-plane. 
Frequency  1,565  GHz. 
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Fig.  9b:  Measured  radiation  pattern  of  the  antenna 
flushmounted  to  the  corrugated  ground-plane. 
Frequency  1,620  GHz 


Fig.  10:  Corrugated  ground-planes. 

a)  Ll-version,  bl=1.86X.,  tl=0,26?i  at  the  LI  center  frequency. 

b)  Ll/L2-version,  b2=  l,85>i,  t2=0,2?i,  t3=0,26?i  at  the  L2  center  frequency. 
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ABSTRACT 

The  structure  of  a  GLONASS  LI  receiver,  that  is 
related  to  and  derived  from  Navstar  Systems 
integrated  GPS  chipset  has  previously  been 
presented  This  chipset  was  designed  to 
primarily  work  within  the  GPS  system  but  with  the 
capability  to  convert  to  GLONASS  operation  as 
the  use  of  the  dual  standard  receiver 
architectures  was  anticipated.  A  relatively 
compact  and  capable  GLONASS  LI  receiver  has 
been  implemented  and  from  this  some  tracking 
measurements  which  demonstrate  promising 
performance  are  presented. 

The  receiver  utilises  the  20  MHz  master  oscillator 
of  the  XR5  GPS  instrument  in  a  receiver 
synthesiser  system  that  achieves  phase  noise 
advantage  by  means  of  a  dual  stage  AfLoi  =  0.5 
MHz  and  derived  Afi^a  =  0.0625  MHz  local 
oscillator  systems.  The  GLONASS  receiver 
shares  the  device  structure  of  its  XR5  GPS  parent 
except  for  the  addition  of  a  single  synthesiser 
chip.  The  code  tracking,  carrier  frequency 
tracking  and  hopefully  ultimately  carrier  code 
tracking,  together  with  data  recovery  is  carried  out 
in  the  standard  NAVSTAR  SYSTEMS  designed 
multi-channel  D.S.P.  device.  A  fast  sequencing 
GLONASS  receiver  is  housed  in  a  box  6.75  inch  x 
3  inch  X  2.5  inch  in  size.  The  D.S.P  device  is 
capable  of  simultaneously  processing  GPS  and 
GLONASS  inputs. 

Recent  tracking  measurements  have 
demonstrated  approximately  5  metres  peak  to 
peak  pseudorange  rate  noise.  This  implies  that 
our  prototype  instrument  should  be  capable  of 
unaided  position  fixing  accuracy  that  is 
significantly  better  than  the  100m  CEP  level  that 
is  provided  by  S/A  degraded  GPS. 
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INTRODUCTION 


In  recent  years  an  increasing  number  of  reports 
have  been  published  on  the  design  of  GLONASS 
instruments  and  the  integration  of  GLONASS  with 
GPS  (references  2, 3.4, 5, 6, 7, 8, 9).  Generally 
these  contributions  have  been  concerned  with 
the  demonstration  of  the  performance  of  the 
GLONASS  or  integrated  GPS/GLONASS 
systems.  The  focus  of  this  contribution  is  to 
demonstrate  the  tracking  capability  of  a  fast 
sequencing  GLONASS  instrument  that  has  high 
integration  and  low  cost.  The  object  is  to  reduce 
the  complexity  of  the  GLONASS  engine  to  be 
comparable  to  GPS  so  that  marketable  integrated 
GPS/GLONASS  or  GLONASS  aided  products  are 
possible. 


Figure  1:  Device  structure  of  the  XR5  GPS 
Receiver. 


The  designer  of  a  low  cost  integrated 
GPS/GLONASS  instrument  faces  the  challenge 
of  how  to  embody  the  significantly  different 
system  frequency  plans  into  the  instrument 
chipset.  This  thorny  problem  has  been  described 
as  “a  problem  in  numerology  and  factorising” 

By  constraining  the  XR5  based  instrument  to  the 
GPS  and  GLONASS  LI  services  a  receiver 
frequency  plan  has  been  captured  which  may  be 
considered  elegant  for  either  service.  This  has 
enabled  the  design  of  devices  which  are 
GLONASS  adaptable  but  technologically 
competitive  in  the  mainstream  GPS  application. 

The  XR5  ASIC  device-set  comprises  a 
GPS/GLONASS  receiver  chip  a  three  level 
adaptive  quantiser  chip  and  a  6  channel  digital 
processor  chip  which  can  operate  with  the  LI  GPS 
and  LI  GLONASS  services.  The  digital  processor 
device  embodies  digital  synthesis  processes 
which  capture  the  otherwise  complex  frequency 
planning  arithmetic  in  a  way  which  minimises  the 
build  complexity  of  the  receiver.  However  in 
addition  to  this  a  principal  simplifying  feature  is 
that  of  the  receiving  strip  frequency  plan  which  is 
described  in  the  foregoing:- 

NAVSTAR’S  XR5  GPS  RECEIVER 
STRUCTURE  AND  ITS  ADAPTATION  TO 
GLONASS 

The  XR5  GPS  receiver’s  device  structure  is 
shown  in  figure  1 .  The  structure  was  organised  to 
be  adaptable  to  implement  a  GLONASS  receiver 
with  the  minimum  of  change  as  will  be  described. 


The  configuration  of  the  RGP-03B  receiver  on 
Chip  (ROC)  device  was  designed  to  be  usable  in 
conjunction  with  a  synthesiser  chip  to  permit  the 
receiver  to  tune  selected  GLONASS  channels 
into  the  SAW  filter  pass-band.  It  can  be  shown 
that  the  use  of  a  divide  by  eight  divider  to  derive 
the  second  local  oscillator  input  to  the  second 
down-converter  stage  is  in  many  respects  an 
optimum  frequency  plan.  Basically  it  supports  the 
use  of  a  20  MHz  master  reference  oscillator  in 
both  GPS  and  GLONASS  receivers  in  a  way  which 
takes  advantage  of  common  factors.  The 
derivation  of  the  second  local  oscillator  input  from 
the  first  local  oscillator  using  a  divide  by  eight 
process  provides  a  convenient  scheme  for 
synthesising  the  %6  MHz  channel  steps  in  two  Vg 
MHz  and  7,6  MHz  components  as  shown  in  figure 
2:- 


Figure  2:  Optimum  GLONASS 

synthesiser/receiver  structure  with  derived 
second  local  oscillator. 

A  phase  locked  loop  noise  benefit  of 
approximately  18  dB  has  been  gained  using  the 
stepping  frequency  of  0.5  MHz  of  the  first  local 
oscillator  rather  than  the  7,6  MHz  common 
demonstrator  between  20  MHz  and  7,6  MHz  that 
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would  otherwise  be  necessary  without  the 
derived  second  iocal  osciilator  strategy. 

GLONASS  RECEIVER 
IMPLEMENTATION 

The  synthesiser/down-conversion  part  of  the  XR5 
based  GLONASS  receiver  is  shown  in  figure  3:- 


0 


Figure  3:  Use  of  SP8853  synthesiser  to  control 
local  oscillator  frequencies. 

It  was  found  to  be  convenient  to  use  the  SP8853 
synthesiser  to  controi  the  local  oscillator 
frequencies.  This  GEC-Plessey  Semiconductors 
part  has  fast  tuning  arrangements,  low  phase 
noise  and  the  ability  to  tune  between  two  set 
frequencies  in  response  to  a  logic  transition  rather 
than  in  response  to  a  relatively  slow  code-change 
sequencing. 

The  complete  GLONASS  test  instrument 
includes  a  quadrifilar  helix  antenna  pre-amplifier 
assembly  of  NAVSTAR  SYSTEMS  design.  This 
antenna  module  incorporates  two  specially 
designed  R.F.  filters  and  sufficient  gain  to  permit 
remote  mounting  from  the  receiver  to  the  extent 
of  15  metres  of  RG-58  cable. 

The  GLONASS  receiver  strip  is  housed  on  a  card 
measuring  6%  inches  by  2%  inches  and  is 
implemented  with  three  appiication  specific  filter 
designs.  The  front-end  section  includes  two 
microstrip  band-pass  filters  and  a  capacitor  loaded 
interdigital  filter  operating  at  a  centre  frequency  of 
156.75  MHz  selects  out  the  first  I.F.  frequencies. 
At  both  of  these  stages  GLONASS  channels 
occupy  different  centre-frequencies  and  it  is 
important  not  to  introduce  significant  delay 
dispersion.  Care  has  been  taken  to  situate  the 
GLONASS  channel  frequencies  and  first  I.F. 
channel  frequencies  at  the  group  delay  saddle- 
point  of  the  front  end  and  first  I.F.  filters 
respectively. 


The  GLONASS  receiver  shares  a  common 
surface  acoustic  wave  (SAW)  channelising  filter 
with  the  GPS  receiver.  The  filter  was  designed  for 
optimum  phase  linearity  and  with  a  3dB  bandwidth 
of  approximately  1 .35  MHz. 

The  conversion  to  digits  in  the  GPS  and 
GLONASS  forms  of  the  XR5  instruments  is 

accomplished  using  a  2-level  automatic  gain 
controlled  process  which  is  implemented  with  the 
PCA849  adaptive  converter  device  together  with 
the  digital  signal  processor.  This  system  affords 
the  XR5  receiver  the  high  receiver  dynamic  range 
that  characterises  the  multi-level  conversion  class 
of  spread-spectrum  receivers.  It  is  important  to 
draw  an  architectural  distinction  here  between  the 
channel  dedicated  receiver  architecture 

employed  in  the  XR5  based  GLONASS 
instrument  and  the  digitally  channelised 

GLONASS  receiver  structures  that  have 

elsewhere  been  proposed  (in  some  references). 
One  of  the  primary  advantages  that  the 
GLONASS  system  may  be  considered  to  possess 
over  GPS  is  that  of  anti-jam  robustness.  This  is 
because  in  addition  to  the  spreading  advantage 
that  it  has  in  common  with  GPS,  the  GLONASS 
systerri  has  channel  selectively  to  the  extent  that 
has  been  implemented  in  the  channelising  filters. 
It  can  be  expected  therefore  that  these  specifying 
the  use  of  GLONASS  instruments  in  life 
dependant  systems  will  require  a  high  level  of 
rejection  adjacent  channel  interference  together 
with  proper  spreading  advantage.  It  seems  that 
the  digital  channelising  schemes  that  have  been 
proposed  can  not  achieve  high  rejection  of 
adjacent  channel  interference  because  no 
individual  channel  adaptation  is  possible  if  the 
same  digitised  input  is  provided  to  all  channels. 

TRACKING  GLONASS  WITH  GPS 
DIGITAL  HARDWARE 

The  current  developments  in  GLONASS  at 
Navstar  Systems  Ltd  are  performed  using  a 
standard  XR5  GPS  digital  board.  The  XR5  GPS 
digital  board  consists  of  a  68EC020 
microprocessor,  RAM,  EPROM,  a  real-time  clock 
chip,  and  an  ASIC.  The  ASIC  is  a  Navstar  Systems 
Ltd,  in  house  design,  and  was  initiated  in  1990. 
The  ASIC  contains  6  GPS  parallel  tracking 
channels  and  all  the  “glue”  logic  normally 
associated  with  the  68K  family  of 
microprocessors.  Each  GPS  tracking  channel  has 
its  own  carrier  NCO,  CODER,  a  set  of  four 
correlators,  and  all  of  the  control  and  mixing  logic. 
Common  to  all  channels  is  a  code  NCO,  each 
channel  selecting  the  required  phase  of  the  code 
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frequency.  GLONASS  signals  are  tracked  with 
the  ASIC  by  reorganising  the  internal  channel 
structure.  Two  GPS  channels  are  configured  to 
be  a  single  GLONASS  channel.  One  of  the 
channel  NCO’s  being  used  to  generate  the  511 
kHz  GLONASS  code  frequency  for  the  other 
channel,  which  generates  the  carrier  frequency 
using  its  “own“  NCO.  The  design  of  the  CODER 
incorporates  variable  taps  in  the  shift  registers. 
This  allows  not  just  the  GPS  codes  to  be 
generated,  but  also  GLONASS  and  other  non- 
GPS  gold  codes.  Basically,  each  stage  of  the  shift 
registers  are  ANDed  with  an  enable  signal  and 
combined  into  an  exclusive  OR  gate.  This  results 
in  the  microprocessor  having  to  initialise  the 
CODER  taps  once  each  time  the  receiver  is 
powered  on  or  reset.  A  relatively  minor  overhead. 
For  GLONASS  the  second  (G2)  shift  register  is 
set  to  all  zeros  and  effectively  not  used.  The 
ASIC  was  also  designed  to  allow  each  of  its 
channeis  to  track  several  satellites  by  fast 
sequencing.  A  principle  first  used  by  Navstar 
Systems  Ltd  in  its  XR3  product  launched  in  1 986. 
Navstar’s  XR5M6  product  contains  one  ASIC  and 
tracks  up  to  eight  satellites  by  multiplexing  two  of 
the  parallel  channels  each  with  two  satellites. 

A  single  ASIC  combined  GPS/GLONASS  receiver 
could  then  potentially  track  8  GPS  satellites,  two 
in  each  of  its  GPS  parallel  channels,  and  four 
GLONASS  satellites,  multiplexed  in  the  other 
channel.  A  dual  ASIC  configuration,  such  as  the 
XR5M12,  could  then  be  used  to  track  8  parallel 
GPS  satellites,  each  non-multiplexed,  and  up  to 
eight  GLONASS  satellites.  The  digital  logic  is 
modular  and  potentially  there  is  no  reason  why  up 
to  4  ASICs  could  be  employed  in  a  single 
receiver,  which  would  then  contain  16  parallel 
GPS  channels  and  4  parallel  GLONASS  channels, 
with  each  channel  still  retaining  the  ability  to 
multiplex  up  to  four  satellites. 

GLONASS  RECEIVER  TRACKING 
PERFORMANCE 

The  receiver  was  commissioned  using  a  home¬ 
made  simulator  and  made  it’s  first  satellite 
acquisition  on  Tuesday  22nd  August.  Within 
three  working  days  of  experimentation  the 
hardware  was  developed  to  its  present 
performance  and  no  doubt  considerable  scope 
for  continued  refinement  exists.  The  GLONASS 
LI  signals  proved  to  be  strong  and  easy  to  track, 
with  correlation  levels  that  would  be  usually  good 
for  GPS. 


reasons  which  are  not  clear  the  Costas  carrier 
phase  locked  loop  was  not  successfully  closed 
but  carrier  frequency  lock  was  obtained  using  the 
automatic  frequency  control  (AFC)  loop  that  is 
normally  used  in  acquisition.  However  the 
tracking  arrangements  were  reliable  and 
sustained  tracking  observations  were  made  to 
yield  the  foregoing  measurements. 

In  order  to  support  a  navigational  process  the 
GLONASS  receiver  needs  to  measure  sufficient 
satellite  pseudorange  measurements.  These 
measurements  are  the  raw  uncalibrated  range 
measurements  containing  the  errors  which  the 
navigational  computation  seeks  to  quantify  so  that 
correct  position  can  be  determined. 
Pseudorange  measurements  from  GLONASS 
satellite  7  (channel  21)  are  shown  in  figure  4:- 


Satellite  7 /Channel  21 
Pseudorange  Measurement 


Time  (seconds) 

August  25, 1995  14:42 


Figure  4;  Pseudorange  measurement  of 
GLONASS  satellite  7. 


In  the  course  of  observation  of  satellite  7  it  passed 
over  it’s  zenith  position  with  aspect  to  our 
Northampton,  England  position. 

At  the  enormous  scale  associated  with  the  range 
in  metres  to  the  GLONASS  satellites  the  shape  of 
the  pseudorange  curve  is  very  smooth.  To 
analyse  the  quality  of  the  tracking  function  it  is 
more  instructive  to  measure  the  pseudorange 
rate  in  metres  per  second,  a  measurement  of  this 
is  shown  in  figure  5:- 


The  XR5  digital  signal  processor  supports  facilities 
for  independently  measuring  code  and  carrier 
phase  so  that  code/carrier  aiding  is  possible.  For 
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Satellite  7  /  Channel  21 
Pseudorange  Rate 


type  of  measurement  typically  produced  the 
outcome  shown  in  figure  7;- 


Time  (seconds) 

August  25, 1995  14:42 


Figure  5;  Pseudorange  rate  observations  taken 
from  satellite  7 

The  pseudorange  observations  showns  in  figure 
7  show  a  steady  slope  which  is  due  to  a 
combination  of  receiver  clock  error  and  satellite 
frequency  doppler  shift.  However  the  noise 
superimposed  on  this  segment  of  data  indicates 
that  the  tracking  ambiguity  to  this  satellite  is 
approximately  5  metres  peak  to  peak.  At  this 
stage  of  the  development  of  the  GLONASS 
receiver  this  result  is  considered  to  be  most 
promising. 

In  order  to  direct  the  tracking  process  it  is 
necessary  to  track  the  satellite’s  doppler  shift  to 
accommodate  this  source  of  frequency  error  in 
the  correlation  process.  A  short  segment  of 
observation  of  satellite  8  which  was  radiating  on 
channel  2  is  shown  in  figure  6:- 


Satellite  6  /  Channel  2 
Doppler  Measurements 


100  300  500  700  900  1100  1300  1500  1700  1900 


Time  (seconds) 

August  25. 1995  15:54 

Figure  6:  Doppler  frequency  shift  measurements 
on  satellite  8. 

Underlying  the  process  of  tracking  the  satellite 
doppler  shift  is  the  ability  to  measure  carrier 
phase.  Using  the  automatic  frequency  control 
loop  it  was  possible  to  log  the  angular  change 
between  milli-second  observation  intervals.  This 


Satellite  8  /  Channel  2 
Change  in  Carrier  Tracking  Angle  per  mS 


Time  (mS) 

August  25. 1995  16:35 

Figure  7:  Carrier  phase-angular  change  between 
milli-second  intervals. 

The  graph  shown  in  figure  6  was  interesting 
because  it  shows  a  dense  band  of  measurements 
in  the  centre  and  less  frequent  outlyers 
distributed  about  ±180  degrees.  The  width  of  the 
centre  band  of  observation  is  attributable  to  locally 
generated  instrument  phase  noise.  However  the 
cause  of  the  outlyer  measurements  was 
investigated  further.  Figure  8  shows  a  segment 
of  the  carrier  phase  angular  change  graph  plotted 
to  a  higher  resolution. 


Satellite  8  /  Channel  2 
Change  In  Carrier  Tracking  Angle  par  mS 


Time  (mS) 

August  25. 1995  16:35 


Figure  8:  Short  segment  of  phase-angular 
change  data  between  milli-second  intervals. 

Examinations  of  the  carrier  phase  angular  change 
data  presented  in  figure  8  leads  to  conclusion  that 
the  outlyer  transitions  take  place  at  exactly  1 0ms 
opportunities  in  line  with  the  GLONASS  data  rate 
of  1 00  bps.  It  was  therefore  a  relatively  trivial  task 
to  process  the  data  to  toggle  the  data  logic  level 
on  receipt  of  180  degree  carrier  phase  transitions. 
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The  data  can  be  interpreted  by  comparing  the 
data  and  inverted  data  against  certain  pre-amble 
sequences  to  determine  the  sense  of  the  correct 
toggle  transitions.  Figure  9  shows  a  sequence  of 
data  processed  this  way  and  aligned  to  consistent 
1 0  ms  edge  boundaries. 


Satellite  8  /  Channel  2 
Demodulated  Data  Stream 


Time  (mS) 

August  25. 1995  16:35 

Figure  9:  GLONASS  demodulated  data  stream. 


GLONASS  FUTURE  DEVELOPMENTS 

This  paper  demonstrates  the  ability  to  track, 
measure  pseudoranges  and  decode  navigation 
data  from  GLONASS  satellites  within  the  basic 
structure  of  Navstar  XR5  GPS  ASIC.  At  present 
the  future  GLONASS  developments  planned 
include  the  following; 

•  Utilising  the  GLONASS  multiplexing  capability 
to  track  at  least  4  satellites  on  the  same  XR5 
ASIC. 

•  To  decode  the  navigation  data  and 
successfully  perform  computations  with  these 
values. 

•  To  perform  a  stand  alone  navigation  solution 
in  a  separate  GLONASS  Kalman  within  the 
XR5. 

•  Investigate  the  datum  and  clock  differences 
between  the  GPS  and  GLONASS  systems. 

•  Develop  a  combined  GPS/GLONASS 
navigation  solution  operating  within  the  same 
Kalman.  It  is  possible  that  this  will  lead  to  a 
GPS  aided  GLONASS  navigator  (i.e.  use  GPS 
aid  the  initial  acquisition  of  GLONASS 
satellites  and  then  use  the  higher  precision  of 
the  GLONASS  system  to  give  higher 
accuracies  than  are  possible  with  S/A 
corrupted  GPS). 


•  Develop  an  integrity  monitoring  system  within 
the  XR5  which  constantly  compares  the  data 
and  solutions  from  both  GPS  and  GLONASS 
systems. 

•  Obtain  carrier  lock  on  the  GLONASS  signal 
and  produce  precise  carrier  phase 
measurements. 

•  Develop  a  technique  to  calibrate  the  small 
GLONASS  inter-channel  biases  that  remain  in 
the  measured  data,  so  that  the  precision  of 
the  carrier  phase  measurements  can  be  fully 
utilised. 

•  Utilise  the  GLONASS  carrier  phase 
measurements  to  help  the  ambiguity 
resolution  process  in  precise  kinematic 
applications.  It  is  anticipated  that  they  would 
only  be  used  to  improve  the  time  to  resolution 
and  provide  better  quality  control,  and  not 
actually  be  used  in  the  position  solution. 


CONCLUSIONS 

A  highly  integrated  GLONASS  receiver  has  been 
demonstrated  to  be  able  to  track  satellites 
sufficiently  well  to  support  good  quality 
GLONASS  stand-alone  fixes.  Used  in 
combination  with  GPS  an  interesting  range  of 
powerful  instrument  combinations  are  possible. 
These  should  be  manufacturable  at  reasonable 
cost  using  NAVSTAR  SYSTEMS’  existing 
technology.  Instruments  offering  fast  acquisition, 
25m  CEP  stand-alone  accuracy  and  the 
robustness  of  a  combined  48  satellite 
constellation  are  possible. 
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Abstract 

This  paper  explores  the  performance  that  can  be 
achieved  from  a  mill  steering  arr^  antenna  using  both  a 
sidigradiert-search  power  minimization  technique  as  well 
as  an  LMS-related  power  minimization  method. 
Consideration  is  given  to  expected  performance  of  the 
algorithms  in  both  Static  and  dynamic  envirorunents. 

A  simple,  subgradient-based  mill^  algorithm  is 
presented  with  sinuilation  results  indicating  the  ability  of 
the  algorithm  to  aclueve  a  known  optimal  solution  under 
static  conditions.  Subsequeihly,  the  LMS-related 
approach  to  milling  via  power  minimization  is 
formulated.  Simulation  results  enqiloying  the  LMS- 
related  technique  in  a  static  geometiy  are  presented  and 
compared  with  the  subgradient  search  method  and  the 
optimal  solutions. 


The  paper  then  explores  the  performance  of  both 
algorithms  in  a  dynamic  situation  where  the  array  rapidly 
changes  its  orientation  with  respect  to  the  interference. 

Introduction 

Protection  of  the  GPS  receiver  from  both  deliberate 
and  inadvertent  imerference  has  become  an  importaik  issue 
within  the  GPS  community.  Recent  investig^on  by  the 
Deferee  Science  Board  (DSB)  of  the  vulnerability  of  tte 
GPS  signal  to  irrierfereiKe  has  highlighted  the  disturbing 
ease  with  which  GPS  signals  can  be  jammed.  The  DSB 
went  on  to  cite  null  steering  antennas  as  one  technology 
that  can  be  used  to  protect  the  GPS  receiver  from 
jammers  and  inadvertent  interference. 

This  paper,  tutorial  in  nature,  exi^ores  the  irtferference 
protection  that  can  be  achieved  usii^  an  adaptive  array 
with  a  simple  power  minimization  algorithm  directing  the 
actionof  the  array.  Power  minimization  as  a  technique  to 
con*at  interference  was  first  sug^ed  by  Zahm  [1]  and 
CortqHon  [2].  While  Zahm  originally  discussed  nulling  a 
strong  interference  signal  to  enhance  reception  of  a  weak 
desired  signal,  for  GPS  the  situation  is  somewhat 
simplified.  Since  the  GPS  sig^  itself  is  30+  dB  below 
the  thermal  noise  floor  -  any  signal  above  the  noise  floor 
can  be  considered  interference.  Consequently,  the  nulling 
action  of  the  array  can  be  set  to  attack  any  incoming 
signal  with  a  power  level  above  noise.  An  additional, 
attractive  feature  of  power  minimization  is  that  the  method 
can  be  irrqilemented  in  hardware  rel^ely  ineiqiensively. 

Power  MiaimizatioB  via  Suhgradient  Search 

The  geometiy  of  a  four  element  circular  array  is  shown 
in  Figure  lA.  The  reference  elemertt  is  located  in  the 
center  of  the  array.  The  three  auxiliary  elements  are 
positioned  120°  apart  nurounding  the  reference  at  a 
radius  R. 

Figure  IB  preseitts  a  block  diagram  of  a  power 
minimization  imfrfementation  employing  a  four  element 
adaptive  array.  As  shown  in  the  figure,  each  signal  from 
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an  antenna  element  is  multiplied  by  a  complex  valued 
weighting  factor  before  being  rout^  to  a  summer.  The 
complex  weight  can  increase  or  attenuate  the  magnitude  of 
an  element's  signal  while  rotating  the  phase  of  the  signal 
some  angular  amount  After  summing  the  individual 
anay  elenjent  signals,  the  composite  signal  at  RF  can  be 
routed  to  a  receiver  or  translated  to  a  convenient  DF 
frequency  and  then  passed  to  the  receiver 

Y 


Figure  lA  Four  Element  Circular  Array 


To  drive  the  algorithm,  a  portion  of  the  translated  IF 
signal  is  provided  to  the  power  estimation  ftinctioa  The 
power  function  uses  a  sin^>le  time  average  to  estimate  the 
power  on  the  array.  The  null  steering  algorithm 
embedded  in  the  processor  systematically  mandates  the 
weights  on  the  antenna  elements  to  continually  lower  the 
air^  power. 

In  the  absenre  of  any  interference,  the  arc^  power  level 
should  be  within  a  few  dB  of  the  thermal  noise  floor. 
However,  when  interference  sources  are  i»esent  in  the 
bandpass  of  the  GPS  signal,  the  power  on  the  array  will 
rise  to  the  level  of  the  inci^nt  (non-GPS)  signals.  By 
manipulating  the  weights  to  minimize  power,  the 
algorithm  seeks  lo  return  the  overall  array  power  to  near 
noise  floor  levels.  The  residual  power  on  the  ar^  will 
again  appmach  the  noisc  floor  when  the  minimization 
algorithm  has  successfully  placed  nulls  in  the  directions  of 
the  interfering  sources. 

Array  power  is  a  quadratic  function  of  the  wei^ited 
etement  signals.  Consequently,  the  overall  power  can  be 
considered,  mathematically,  as  a  convex,  parabolic 
surface,  as  depicted  in  Figure  2 A  (for  a  two  element  array). 
As  shown  in  the  figure,  there  is  a  weight  setting,  W^p^, 

that  results  in  minimum  power  on  the  array.  The  task  of 
^  minimization  algorithm  is  to  find  this  point. 


Figure  IB.  Adaptive  Four-Element  Array 


Array 

Power 


Figure  2A.  Convex  Power  Surface  for  Two  Element 
Array 

Curves  of  equal  array  power  levels  can  be  projected 
onto  the  W1-W2  plane  of  the  graph  as  shown  in  Figure 
2B.  The  projected  curves  form  concentric  ellipses-shaped 
contours  centered  at  the  minimum  power  point.  At  the 
onset  of  jamming,  the  minimization  algorithm  begins  at, 
say,  point  A  in  Figure  2B.  The  actual  start  point  is 
determined  by  the  power  of  the  interfering  sources  and 
their  angular  relationship  (or  ’’geometiy”)  with  respect  to 
the  array. 

Given  a  start  point,  we  seek  to  move  toward  the  center 
of  the  contours  where  power  will  be  minimal.  To  do  this 
we  must  determine  two  things:  (1)  a  direction  of 
movement  and  (2)  a  distance  to  move  in  the  chosen 
direction.  We  will  call  these  choices  the  direction  and 
step  size. 
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Figure  2B.  Contoun  of  Power  Suifuce  for  Two 
Element  Array 


We  might  consider  attempting  a  steepest  descent 
technique.  We  could  manipulate  the  array  to  estimate  the 
gradie^  e.g.,  using  a  metl^  described  by  Hudson[3]. 
Such  an  approach  requires  three  separate,  sequential  power 
estimates  for  a  four  elemetU  array.  Each  of  tte  power 
estimates  is  formed  \yy  time  averaging  the  power  on  the 
array  over  some  peri^  e.g.  20  usees.  We  coidd  then 
move  along  the  gradient  direction  in  small  steps  (each 
requiring  a  separate  power  estimate)  until  power  ceases  to 
decrease. 

At  this  new  point  we  could  again  re-conqwte  the 
gradient  mid  repeat  the  procedure.  While  we  would 
eventually  approach  the  point  of  minimum  power,  the 
convergence  time  of  the  method  is  excessive  in  that  three 
power  estimates  are  needed  before  any  actual  movement  to 
decrease  power  is  ^enqited.  Moreover,  additional  power 
estimates  ate  needed  as  one  progresses  along  the  defined 
descent  directioa 

To  qieed  convergence  we  choose  to  implemeiU  a 
subgradient  search  method[4].  That  is,  we  seek  a  search 
direction  that  when  follow^  moves  us  closer  (in  a 
Euclidean  sense)  to  the  optimum  point.  The  search 
direction  is  not  usually  the  line  of  fastest  descent  (i.e.,  the 
gradient)  but  rather,  an  easily  found  direction  that  lea^  to 
reduced  power.  With  a  suit^le  search  direction  defined, 
we  then  move  along  that  direction  smne  predetermined, 
fixed  step  size  (la^  when  overall  power  is  large,  and 
small  wten  near  the  noise  floor).  This  action  is  indicated 
in  Figure  2B  by  the  trajectory  ^m  A  to  B  to  C,  etc. 

To  find  a  search  direction  at  a  given  point  (i.e.,  at  a 
given  level  curve  of  Figure  2B),  the  individual  element 
weights  are  manipulated  one  at  a  time.  Eachconqrlex 
valued  weigltt  is  sequentially  set  to  one  of  four  possible 

settings;  [  Ael®,  Aei  Aei^,  Acl^^®  ],  where  A  is  a 

fiinction  of  the  predetermine  step  size  and  the  el^  's  effect 
angular  rotations  of  0,  180,  90,  and  270  degrees.  These 


settings  first  increase  or  decrease  the  real  part  of  the 
weight,  followed  by  an  iiKrease/decrease  in  the  imaginary 
part  of  the  weight. 

If  a  given  setting  results  in  a  reduction  of  power  on  the 
array;  the  setting  is  retained  and  one  moves  to  the  next 
element  of  the  array.  After  a  complete  pass  has  been  made 
through  all  the  elements,  the  order  of  the  element  search 
and  the  ordering  of  the  search  directions  are  reversed. 

This  is  done  to  help  each  antenna  element  of  the  array  to 
contribute  equally  to  the  nulling  action.  After  a  number 
of  passes  through  all  the  anteruia  elements,  the  algorithm 
will  have  converged  the  weights  to  values  that  result  in 
the  power  on  the  array  being  near  the  noise  floor  level. 

An  artterma  pattern  taken  with  the  converged  weight 
settings  will  shown  nulls  in  the  direction  of  the  jamming 
sources. 

Evaluating  Optimal  Solutions 

In  order  to  evaluate  the  performance  of  nulling 
algorithms,  it  is  useful  to  have  analytically  derived  the 
optimal  weights.  It  is  well  known  [3,3,6]  that  the 
optimal  weighs  for  the  auxiliary  elements  of  the  array  are: 


Wa  opt  is  vector  of  optimal  weights  for  the 

auxiliary  elements;  is  the  3x3  covariance  matrix  of 
the  auxiliary  elements,  the  3x1  vector  rgg  is  the 

correlation  vector  of  the  auxiliary  elements  with  the 
reference  element  (denoted  element  0). 

If  there  are  three  jammers  incident  on  the  array,  then 
Rgg  is  full  rank  and  one  can  solve  for  Wgpt  straightway. 

However,  when  a  single  januner  is  iticident  on  the  array 
Raa  can  have  widely  disparate  eigen  values  (one  at 
jattuner  power  level  and  two  at  noise  power  level) 
leading  to  ill  conditioning  of  Rgg.  While  there  are 

methods  to  solve  (1)  even  with  ill  conditioning,  it  is 
useful  to  develop  the  optimal  solution  for  a  single 
interferer  intuitively  to  gain  a  better  understanding  of 
nulling.  Consider  a  simple  three  element  arr^  problem 
with  a  single  jammer  as  shown  in  Figure  3. 

Figure  3  depicts  a  phasor  plot  of  a  single  jammer 
incident  on  a  Otree  element  array.  The  januner  is  in  the 
in-phase  position  as  seen  by  the  reference  element.  At  the 
first  auxiliary  elemetti,  the  jammer  is  seen  as  the  same 
signal  as  at  the  reference  but  with  a  phase  rotation  of  (|)  I . 
Similarly,  the  jammer  signal  at  second  auxiliary  element 
has  the  same  magnitude  as  the  reference  (in-pha%)  signal 
and  a  i^iase  offset  of  <|)2-  We  wish  to  manipulate  the  two 
jammer  signals  captured  on  the  auxiliaries  to  null  out  the 
itt-phase,  reference  element  januner. 
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Recall  th^  multiplication  by  a  complex  weigltt  can 
cause  a  signal  to  attenuate  magnibide  a^  rotate  phase.  If 
we  multiply  the  signal  on  the  first  auxiliary  by  a  complex 
weight  that  rotates  the  signal  thiou^  an  a^e  Oj  while 

attenuating  the  signal  to  half  its  value,  the  resultant 
phasor  will  be  fiom  the  origin  to  point  A.  Similarly,  if 
we  rotate  the  second  auxiliary  ekment's  signal  through  62 
degrees  while  attenuating  by  half  we  obtain  another  phasor 
from  the  origin  to  point  A. 

As  shown  in  Figure  3,  the  resultant  sum  of  the  two 
weighted  phasors  is  the  vector  from  the  origin  to  the  null 
point  When  this  sum  {riiasor  is  added  to  the  jammer 
sigiul  on  the  reference,  the  resulting  sum  or  mof  ouqxit 
signal  is  zero.  Thus,  by  ai^ropriately  attenuate  a^ 
rotating  the  auxiliary  signals  prior  to  adding  them  to  the 
reference  signal,  we  have  nulled  out  the  incident  jammer. 
Note  that  in  this  formulation  each  auxiliary  element 
contributes  an  equal  magnitude  component  to  the  nulling 
vector.  Tins  equiu  contribution  of  each  element  is  the 
optimal  solution  against  a  single  jammer  since  it  provides 
the  narrowest  null  -  preserving  as  much  of  the  field  of 
view  as  possible.  More  generally,  in  the  sing/e  jammer 
case  the  (^rtimal  solution  will  be: 


_l_^j(180-#{i]) 

M 


i  *1 . M  (2) 


where  the  index  runs  across  the  M  auxiliary  elenKnts 
(e.g.,  M=3  for  a  four  element  array).  The  weight  on  the 
reference  element  itself  is  alw^s 

W[ref]  *  1.0  (3) 


LMS-Reiated  Power  Minimization 

A  power  minimization  algorithm  can  formulated  from 
an  LMS  perspective.  Let  T^  be  the  sample  interval  and 

I/T5  be  the  rate  at  which  all  the  auxiliary  element  weights 
are  updated.  Let 

be  the  output  of  the  reference  element  at  t=nT3.  Denote 

the  output  vector  of  the  auxiliary  elements  (i.e.,  3x1  for  a 
four  element  arr^)  as 


x^(n)=  x^(nT^) 


Then  define  an  "enor**  signal: 


^  *  ij 

e(n)  =  -  I  WjX.(n)  =  x^^fn)  -  w^x^(n) 

i  =  l 


where  both  and  Xg  are  3x1  vectors  and  the  superscript 

H  denotes  conjugate  transpose  and  superscript*  signifies 
conjugate.  We  wish  to  find  the  weight  vector  Wg  that 

minimizes  the  expected  value  (denoted  by  £{•  })  enor, 
that  is 

\_opt  =  E  { |e(n)|^  }  ( 

We  can  expand  E  { |  e(n)  |  ^  }  as  follows: 

=  E(x^,(o)|  - 


Define 


^oa  * 


Raa  ■  ^  ('a<"«a"<">l 


E(|e(n)|^|  =  E{x^f(n))  w^  +  w»R^w^  (11) 
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Taking  the  complex  gradient  with  respect  to  w^^,  one 
obtains 

V^^(E{le(n)|2})  =  -21^  +  2R^w^ 

As  an  aside,  if  (12)  is  set  equal  to  zero  and  solved  for 
W3,  one  immediately  (Stains  tltt  Weiner  solution  cited  in 

(1).  Using  (12),  a  gradient  search  can  be  constructed  as 


The  following  metrics  were  compiled  for  the  static 
cases: 


Stibgradient _ L!MS 


Single  Jammer 

0.1164 

0.0043 

Three  Jammers 

0.1539 

0.1207 

Figures  4  and  5  shown  the  results  of  applying  the  two 
methods  to  the  cases. 


w^(n  +  l)  =  w^(n)  -  /t(n)  -  R3aWa(n)) 


(13) 


where  |i(n)  is  the  step  size  at  1=0X3.  We  do  not  have  -so; 

asymptotic  values  for  nor  however,  we  can 

estimate  these  quantities  via  their  instantaneous  values  to 
achieve  an  LMS  formulation  | 


Oo«  CW  )v7vn«f  ct  -77.4  d8W  «  60  0«g  Ac  60  8;  MaChod 


^oa  *  *ref<“>*a^"> 


aa 


x^(n)x»(n) 


t 

5 

(14)  I 

i  -75 


If  we  siAstitute  (14)  in  (13),  fix  the  step  size,  and  do 
some  algebraic  manipulation;  we  obtain  die  weight  update 
equation 

w^(n  +  l)  =  w^(n)  +  /t{Xj^f(n)  -  w”x^(n))  x^(n)  (15) 

This  is  an  LMS-based  scheme  that  updates  ail  the 
weights  simultaneously. 


-80 

-65 

-00 

-OS 


-100 


so 


...1  — ... .  I _ i _ i- 


100  1S0  2O02503003S04OO4S0S00 

(HMtora) 

Figure  4A.  Subgradient  Sin^e  CW  Jammer  Nulling 


Perfonnance  Comparison  -  Static  Case 

For  a  performance  comparison  of  the  two  railling 
algorithnts,  consider  two  cases 

Case  1;  Single  CW  Jaimner 

Elevatiort  10°  above  array  plane 
Azimuth;  60°,  mid-way  between  array  elements  1  and  2 
(see  Figure  IB) 

jammer  Power  +50  dB  over  noise  level 

Case  2;  Three  CW  Jammers 

Elevation:  all  10°  above  array  {dane 
Azimuth;  60°,  180°,  and  300° ,  mid-way  between  the 
auxiliary  elements 

Januner  Power  +30,+40  and  +50  dB  over  noise  floor 

Using  the  methods  described  in  a  previous  section,  the 
optimal  solutions  for  the  two  cases  can  be  found.  A 
metric  can  then  be  generated  that  compares  the  "distance* 
(norm  squared  value)  of  the  achieved  nulling  weight  set 
from  the  theoretical  optional  values; 


As  shown  in  Figure  4A,  the  subgiadient  power 
minimization  nulls  a  single  CW  jammer  into  the  noise 
floor  (~  -98  dBm)  in  approximately  50  iterations  of  the 
algorithm.  The  50  iterations  occur  over  roughly  five 
passes  through  the  three  auxiliary  elements.  It  should  be 
noted  that  each  iteration  requires  an  imegrate  and  dump 
interval  (say,  20  usees)  to  estimate  the  power  phis  time  to 
set/reset  weight  values  and  have  the  ch^ed  n^ues  settle. 
(Consequently,  the  time  for  the  50  iterations  will  be  a 
function  of  the  hardware  implementation. 

Figure  4B  shows  the  simulation  results  of  the 
subgradient  method  employed  against  three  (CW  jammers. 
The  three  januners  exercise  the  full  degrees  of  freedom  of 
the  array.  After  500  iterations  the  method  is  still 
approximately  20  dB  above  the  noise  floor,  but  the 
algorithm  appears  to  be  continuing  to  make  very  slow 
progress  toward  the  noise  floor,  (jenerally,  the  method  is 
slowed  by  multiple  jammers  with  differing  power  levels. 
At  first,  the  search  attacks  the  strongest  jammer  and  in  the 
process  of  countering  that  jammer  unmasks  lower  power 
interference. 
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Ouput  Power  of  4  element  array  In  dBm 


Figure  5A.  LMS  Nulling  of  Single  CW  Jammer 


Figure  4B.  Subgradient  Nulling  of  Three  CW 
Jammen 

Upon  unmasking  other  sources,  the  algorithm  must 
"walk”  the  weigltfs  from  the  position  dictated  by  the 
dominait  jammer  to  positions  that  counter  the  lower 
power  jammers  as  well  as  the  strong  source.  The  gradual 
descent  observed  alter,  say,  the  200th  iteration  indicates 
that  the  algorithm  is  using  a  small  step  size  as  it  tries  to 
migrate  to  the  optimal  weights  versus  the  three  jammen. 
Speed  and  depth  of  conver^nce  in  multi-jammer  cases 
will  be  affected  greatly  by  bow  the  step  size  at  a  given 
null  depth  is  chosen  within  the  algorithm. 

In  Figure  3A,  the  LMS  based  power  minimization 
algorithm  attacks  a  single  CW  jammer.  The  jammer  is 
nulled  into  the  noise  floor  in  roughly  20  heratioos. 

Again,  the  speed  of  convergence  will  be  a  function  of  the 
hardware  implemetiatioa  However,  the  LMS  method  is 
working  with  the  instantaneous  values  of  sampled  signals 
where  the  sample  rate  is  quite  high,  ie.  megahertz. 
Consequently,  the  convergence  time  of  the  LMS  will  be 
vastly  superior  to  that  of  the  sidrgradient  technique  •  on 
the  order  of  microseconds  versus  milliseconds. 

In  Figim  5B;  the  LMS  technique  nulls  out  three  CW 
sources  quite  effectively.  A  close  lode  at  the  flgnre  shows 
the  null  is  on  average  approximately  5  dB  abotc  the  tx>ise 
floor  by  the  20th  iterations.  The  method  appeals  to 
average  to  the  noise  floor  by  about  the  120th  iteratioa 
Clearly,  the  petformahee  of  the  LMS  method  is  superior 
to  subgradient  power  minimizmioa 


TbfM  CW  Jv«n«t « -77.4.-«7.4  • -*7.4  dBW  ■  ao.  t  W  •  300  0«g  Ac  M  D«0  O;  IMS 


(Itofvdoos) 


Figure  SB.  LMS  Nulling  of  Thi%e  CW  Jammers 


Performance  Comparisoa  -  Dynamic  Case 

We  begin  with  the  static  alignment  of  the  two  cases 
cited  above,  then  rotate  the  array  at  a  rate  of  300+7sec 
about  an  axis  through  auxiliary  element  #1  and  the 
reference  eletnem 

The  following  nretrics  were  confuted  for  the  dynamic 
cases: 
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Sing\e  Jammer 

incieasing 

0.0201 

Three  Jammers 

0.1448 

0.1348 

Figure  6A  and  6B  shows  the  nulling  results  when  the 
subgradient  methods  is  employed.  As  the  array  rotates, 
the  phase  rel^ionships  of  the  januners  at  the  anterma 
elements  change  with  time.  This  causes  the  null  point 
(or  optimal  weights)  to  migrate  away  from  the  values  set 
by  the  algorithm.  The  search  meth^  must  then  chase  tlk 
null  point  to  maintain  the  null. 


On*  CW  Hmmw  *1 -77.4  «W  aiao  OtQ  Ai;  80  0*0  B:  8**-<J***’*-Or~^ 


Figure  6B.  Subgradient  Nulling  of  Three  CW 
Jammen 

Figures  7A  and  7B  depict  the  nulling  performance  of 
the  LMS  based  power  minimizatiorL  The  method 
benefits  greatly  from  its  high  speed  implemeiUation  and 
the  use  of  instantaneous  values.  Even  though  the  antenna 
element  phase  relationships  are  time  varying,  this 
algorithm  is  fast  enough  to  track  the  change  and  maiinain 
its  nulls. 


Figure  6A.  Subgradient  Nulling  of  Single  CW 
Jammers 

When  the  null  moves  away  at  a  rate  faster  than  the 
stei^ing  mechanism  of  the  search,  the  null  degrades  as 
shown  in  the  Figure  6A  for  the  sin^e  jammer  case.  For 
the  subgradient  search  to  have  an  chance  of  success  in 
high  dynamics  the  algorithm  must  include  features  that 
sense  movement  of  the  mO  point  and  open  search  step 
size  selection  as  ^^ropiiate  so  that  the  search  has  the 
"legs”  to  chase  the  null  point. 

When  this  is  done,  the  algorithm  can  maintain  milling 
action  in  dynamics  but  whh  some  degradatioa  This 
capability  is  shown  in  Figure  6B  where  the  step  sizing 
mechanism  is  allowed  to  open  to  chase  the  mill  point. 

The  algorithm  is  holding  tlw  null  to  about  28-30  dB 
above  the  noise  floor  during  the  rotatioa  At  the  SOOth 
iteration  the  null  is  ^ut  5  dB  worse  than  the  it  was  in 
the  static  case  (compare  4B  and  ^). 


On*  CW  J«mn*r  -77.4  8BW  «  80  0*0  Ac  80  0*8  B;  IMS  -  OyMiKe  CiM 


Figure  7A.  LMS  Nulling  of  Single  CW  Jammer 
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Figure  7B.  LMS  Nulling  of  Three  CW  Jammers 
Final  Comment 

The  above  results  indicatB  a  significant  performance 
benefit  fiom  using  the  LMS  ^toach  over  a  sirrqjle  search 
method.  One  is  immediately  tempted  to  opt  for  an  IMS- 
like  technique.  However,  the  hanhvare  irrqrlementation  of 
LMS  requites  significantly  more  complex  and  expensive 
equipment.  For  null  steering  af^licadons,  the  re^ 
driving  issue  is  -  what  level  of  protection  does  my  GPS 
receiver  need  to  perform  in  its  anticipated  environment? 
While  the  performance  of  the  LMS  technique  is  attractive, 
the  fact  remains  that  the  simile  and  inexpensive  search 
method  can  be  erttirely  adet^te  in  many  aj^lications. 
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ABSTRACT 

This  paper  describes  the  design  and 
predicted  characteristics  of  a  miniature 
dielectrically  loaded  quadrifilar  helix 
antenna  which  is  5mm  in  diameter  and 
approximately  20mm  long.  The  antenna  is 
considerably  foreshortened  with  respect 
to  its  equivalent  dimensions  in  air  by  the 
use  of  a  Zirconium  Tintinate  ceramic 
dielectric  core.  The  Zirconium  Tintinate 
material  used  is  produced  by  Morgan 
Matroc  Ltd  as  a  high  stability  microwave 
ceramic  dielectric  material  and  possesses  a 
relative  dielectric  constant  ( C^)  ^6.  The 

intention  is  to  provide  a  quadrifilar  antenna 
of  small  physical  size  which  should 
possess  excellent  phase  centre  stability 
and  also  low  angle  discrimination  that  is 
superior  to  that  of  the  conventional 
microstrip  patch  antennas. 

The  antenna  element  is  realised  on  a  rod 
section  of  ceramic  material  with  a  co-axial 
feed  passing  axially,  through  the  centre  of 
the  rod  to  the  feed  connection  point  at  the 
top  surface,  the  base  portion  of  the 
antenna  is  formed  into  a  metallised 


sleeved  balun  which  creates  the 
conditions  for  the  required  balanced  feed 
at  the  top  feed  point.  This  base  section 
also  serves  as  a  convenient  metal  surface 
to  solder  to  a  circuit  board  or  alternatively 
as  a  clamping  surface  for  incorporation  into 
a  mechanical  assembly. 

The  radiating  section  consists  of  two  loop 
pairs  which  are  respectively  fed  from  the 
individual  inputs  comprising  the  balanced 
pair  of  feeds.  Each  loop  pair  consists,  in 
clockwise  order,  of  a  helix  element  that  is 
45  degrees  short,  followed  by  a  helix 
element  that  is  45  degrees  longer  than  half 
a  wavelength  at  the  operating  frequency. 
This  feed  scheme  creates  the  necessary 
orthogonality  (at  the  radiation  resistive 
normalisation  impedance). 

The  antenna  element  is  small  and  light 
enough  to  be  incorporated  as  tips  into 
communication  whip  aerials. 

INTRODUCTION 

The  combination  of  helical  and  loop 
structure  antennas  into  resonant  mode 
antiphase  feed  circularly  polarised 
antennas  was  proposed  by  C.C.Kilgus 
Numerous  forms  of  this  original  ‘volute’ 
antenna  structure  have  been  used  to 
receive  GPS  signals.  An  air-dielectric 
volute  antenna  has  been  manufactured  at 
Navstar  Systems  for  some  years.  It  sports 
an  azimuthal  pattern  that  is  typical  of  this 
class  of  antennas  (Figure  1). 
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Figure  1  -  Azimuthal  Roll-plane  Pattern  of 
the  NAVSTAR  SYSTEMS  Air  Dielectric 
Volute  Antenna 

The  Navstar  Systems  air-dielectric  antenna 
has  many  of  the  electrical  characteristics 
which  approach  those  of  the  ideal  GPS 
antenna  Axial  ratio  is  better  than  3dB  over 
the  full  degree  beamwidth  with  the 
outcome  that  good  multipath  rejection  is 
provided.  The  beamwidth  is  broader  than 
is  possible  with  patch  antennas  so  that  the 
antenna  can  accommodate  some  pitch  and 
roll  motions  whilst  maintaining  usable 
reception  for  GPS  navigation. 

The  main  disadvantage  of  volute  antennas 
with  respect  to  conventional  patch 
antennas  concerns  their  focal  point. 
Modern  survey  antennas  must  have  well 
behaved  and  precisely  known  phase 
centres  to  be  able  to  perform  their  survey 
function  at  the  high  resolution  that  has 
become  possible.  This  and  the  obvious 
miniaturisation  benefits  of  dielectrically 
foreshortened  antennas  have  together 
motivated  the  research  into  the  small 
volute  antennas. 

The  use  of  Zirconium  Tintinate  ceramic 
dielectric  of  relative  dielectric  constant 
e^=36  promotes  a  significant  size 
reduction  with  respect  to  the  original 
Navstar  air  dielectric  element  (Figure  2). 
This  approach,  though  very  bold  in  terms 
of  the  degree  foreshortening  sought,  has 
the  merit  that  it  realises  antennas  which 
can  be  packaged  in  a  number  of  novel 
ways,  such  as  within  car-phone  antennas. 


Figure  2  -  Size  Reduction  due  to  Dielectric 
Loading 

ANTENNA  STRUCTURE 

Innovation  into  dielectric  foreshortening  of 
quadrifilar  helix  antennas  requires 
fundamental  research  into  two  areas; 

•  Structures  of  foreshortened  antenna 
feed  networks  giving  balanced  anti¬ 
phase  feed  at  the  top  feed-point. 

•  Wave  propagation  along  helical 

transmission  lines  (and  meandered 
helical  transmission  lines)  on  a 

cylindrical  surface  of  high  relative 

dielectric  constant  material  with  an  axial 
ground  column. 

The  chosen  structure,  schematically 
shown  in  Figure  3,  is  designed  to  be  top 
fed  using  a  semi-rigid  co-axial  cable 
passing  axially  through  the  centre  of  the 
element  from  the  base.  Obviously  this  is  a 
single-ended  transmission  media  since  the 
outer  of  the  co-axial  cable  is  grounded. 
The  base  part  of  the  antennas  is  a  90° 
resonant  sleeve  balun  element  whose 
purpose  is  to  choke  the  outer  of  the  co¬ 
axial  cable  and  to  impose  a  close  to  infinite 
impedance  to  ground  on  that  line.  From 
this  point  of  imposed  input  impedance 
balance,  balance  degenerates  with 
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increasing  radiating  section  length  and 
due  to  the  imbalance  between  the  line 
inductances  in  the  outer  and  inner 
conductors  of  the  co-axial  cable.  This  line 
inductance  imbalance  can  be  minimised  if 
the  co-axial  line  characteristic  impedance  is 
kept  low  since  the  external  inductance  of 
inner  and  outer  is  dependant  on  their 
respective  diameters  (which  converge  as 
impedance  is  reduced). 


Figure  3  -  Schematic  Diagram  showing 
Operation  of  Sleeve  Baiun 
Feed 

The  radiating  section  of  the  dielectric 
loaded  antenna  is  a  close  adaptation  of  an 
approach  that  was  proposed  by  Kilgus 
Kilgus  showed  that  if  balanced  feed  is 
available  at  the  feed-point  of  the  radiating 
section  then  orthogonality,  between  the 
four  helix  elements  comprising  two  loop 
pairs,  can  be  achieved  by  each  loop  pair  to 
be  composed  of  a  short  helix  with  electrical 
length  45°  shorter  than  Vg  resonance  and 
of  a  long  helix  with  electrical  length  45° 
longer  than  resonance.  In  order  to  select 
right  hand  circular  polarisation  the  short 
and  long  helix  elements  have  to  be 
organised  in  clockwise  progression  about 
the  face  of  the  cylindrical  surface  of  the 
dielectric.  In  fact  to  organise  this  phasing 
correctly  it  is  necessary  to  set  the 
respective  short  and  long  helix  reactances 
to  as  seen  at  the  top  feed  point  to  be 
conjugate  and  equal  to  the  average 
radiation  resistance  of  the  two  helix 
elements.  To  select  the  nominally  180° 
beamwidth  desired  from  the  antenna  the 
helices  are  wound  to  half  a  turn  round  the 
cylindrical  surface.  The  process  for 
creating  the  incremental  delay  in  the  long 
helices  with  respect  to  the  delay  of  the 


short  helices  was  to  meander  the  long 
helices  sinusoidally  to  slow  the  wave 
velocity  resolved  into  the  helical  direction. 
The  artwork  shown  in  Figure  4  is  a 
developed  view  of  the  conductor  pattern 
on  a  dielectric  loaded  antenna  of  the 
topology. 


Figure  4  -  Developed  Artwork  for  Dielectric 
Loaded  Volute 

An  interative  rough-cut  design  of  the 
dielectric  loaded  volute,  working  at  the 
GPS  LI  frequency,  with  planar  (microstrip) 
wave  propagation  modeiling  was  initially 
carried  out.  This  analysis  led  to  the 
adoption  of  the  5mm  dielectric  diameter  for 
the  antenna.  The  feed  cable  hole 
diameter  was  set  at  50  thousands  of  an 
inch  (mils)  to  accommodate  standard  UT- 
47  semi-rigid  cable.  The  rough 
dimensions  provided  from  this  analysis 
were  used  to  set  the  proportions  of  a  set  of 
20  different  calibration  standards  that  were 
used  to  empirically  characterise  the  wave 
propagation  characteristics  of  the  helix  and 
meandered  helix  lines. 

HELICAL  LINE 
CHARACTERISATION 

A  set  of  20  standard  transmission  line 
elements  were  built  using  the  Zirconium 
Tintinate  material  as  the  dielectric.  Each 
standard  was  devised  to  be  used  in 
combination  with  others  to  characterise  the 
wave  propagation  properties  of  lines  of 
various  helical  pitch  angles  and  various 
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meander  amplitudes.  Also  a  special 
calibration  jig-set  was  constructed  to  be 
able  to  reproducibly  apply  spring-loaded 
wedge  launch  contacts  onto  the  surface 
line  for  connection  into  an  automatic  vector 
network  analyser.  The  jig-set  was 
designed  to  permit  free  and  independent 
rotation  of  the  launchers  about  the  ground 
centre-axis  of  the  guide  medium  so  that 
waves  could  be  launched  and  received  at 
any  point  on  the  periphery  of  the  standard 
at  an  angle  offset  due  to  the  helical  rotation 
of  the  test  line.  Calibration  software  was 
also  written  to  permit  automatic 
measurement  of  transmission  line  delay 
eigen-values  that  characterise  the  various 
standard  transmission  line  media. 

The  measurement  of  the  standard  set  was 
repeated  until  accurate  data  was  assured 
and  a  body  of  knowledge  concerning 
relative  dielectric  constant  was  extracted. 
This  data  underpinned  the  analyticai 
design  of  the  dielectric  volute  antenna 
which  served  as  the  entry  into 
electromagnetic  simulation. 

ELECTROMAGNETIC  MODELLING 
OF  DIELECTRIC  LOADED  VOLUTE 
ANTENNA™ 

A  time  domain  Transmission  Line 
Modelling  (TLM)  approach  to 
electromagnetic  simulation  was  adopted 
using  the  Micro-Stripes™  package  that  is 
produced  by  Kimberley  Communications 
Consultants  Limited  of  Nottingham, 
England.  At  initial  time  (y  a  large  voltage 
transition  is  created  between  the  inner  and 
outer  conductors  of  the  feed  cable.  The 
working  area  of  the  antenna  and 
surrounding  space  is  discretised  into  a  fine 
orthogonal  mesh.  The  philosophy  of  the 
TLM  modelling  algorithm  is  that  the  pulse 
travels  along  notional  transmission  lines 
connecting  each  cell  to  its  neighbours. 
The  pulse  scatters  from  each  cell  in 
accordance  with  the  geometrical  features 
contained  within  that  cell.  For  instance 
metal  surfaces  promote  total  or  partial 
reflection  at  the  interface  between  cells.  In 
each  cell  linear  combinations  of  pulses  at 
the  cell  are  used  to  calculate  the  E  and  H 
field  components  at  the  centre  of  the  cell. 
In  a  similar  way  to  SPICE™  simulation  of 
oscillators,  Fourier  transformation  provides 
the  frequency  response  E  and  H  fields  at 
given  points.  Thus  it  is  possible  to  elicit 


resonance  mode  information.  The 
software  computes  surface  currents  and 
voltages,  electric,  magnetic,  power  density 
and  energy  density  fields  and  provides  far- 
field  transformation  to  obtain  simulated 
antenna  patterns. 

A  Visual  Basic™  program  was  written  to 
capture  the  geometric  description  of  the 
simulation  target  antenna  in  terms  of  the 
Micro-Stripes™  geometric  language.  A 
unified  unit  system  encompassing  the 
meander  dimensions  and  dielectric 
cylinder  dimensions  is  possible  by  scaling 
the  antenna  into  radii  and  radians  and 
mathematical  description  of  the  antenna  is 
relatively  easy.  This  process  yields  a 
geometrical  description  of  the  antenna  that 
is  approximately  4000  lines  long!  An 
example  geometry,  captured  into  Micro- 
Strips’  ™geometrical  language  is  shown  in 
Figure  5. 


/ 


Figure  5  -  Micro-Stripes  Geometrical 
Representation  of  a  Captured  Dielectric 
Loaded  Volute  Antenna  Geometry 
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•  The  geometrical  description  of  the 
antenna  is  formulated  in  regular 
Cartesian  co-ordinates  which  renders 
discretation  into  cells  relatively  simple. 
The  goal  here  is  to  optimise 
computational  efficiency  by 
discretising  into  a  fine  mesh  only  in 
areas  where  high  resolution  is 
absolutely  vital.  The  model  is 
bounded  by  absorptive  walls  to 
simulate  free  space  and  also  a 
rectangular  space-domain  surface  is 
defined  to  enclose  the  entire  antenna 
apart  from  its  feed  entrance  point.  The 
space-domain  surface  is  caused  to 
support  currents  that  are  equivalent  to 
those  flowing  in  the  antenna  structure 
by  a  field  manipulation.  This  is  a 
necessary  part  of  the  process  of 
creating  a  far-field  transformation  to  the 
simulated  antenna  patterns. 

ELECTROMAGNETIC  SIMULATION 
RESULTS 

The  basic  electromagnetic  model  of  the 
GPS  L1  dielectric  loaded  volute  takes  1 7 
hours  to  run  on  a  Sun  Sparc  model  20. 
Finer  resolution  and  hence  longer  run-time 
may  be  necessary  once  convergent  criteria 
towards  fully  working  antennas  have  been 
identified.  At  present  the  analytical 
synthesis  of  antenna  geometry  is  not 
accurate  enough  to  accurately  predict  the 
resonance  frequency.  To  reveal  the 
working  operation  of  the  antenna  it  is 
generally  necessary  to  determine  resonant 
modes  of  the  structure  using  Fourier 
transformation  of  fields  at  indicative  points 
close  to  resonant  members.  This  process 
indicates  a  frequency  which  can  be  used 
for  full  electromagnetic  field  evaluation. 
This  process  has  been  used  to  reset  the 
analysis  frequency  in  the  example  that  will 
be  presented  to  1 .8  GHz. 

Analysis  of  a  complex  resonating  field 
structure  is  a  demanding  task.  Fortunately 
the  operation  is  aided  by  the 
electromagnetic  simulator’s  ability  to 
compute  line  integral  voltages  and 
currents  integrated  through  surfaces. 
Generally  what  is  required  is  a  proper 
ordering  of  fields  in  accordance  with  the 
required  function  of  the  elements  of  the 
structure.  For  example  the  operation  of 
the  balun  structure  seems  to  be  correctly 
ordering  the  outer  and  inner  voltages  into 


balance  as  shown  in  a  field  section  in 


Figure  6  -  Helical  Antenna  Simulation:  X-Y 
plane  Surface  Currents  and  Electric  Field 
Distribution  showing  Electric  Fields  within 
Baiun  Sleeve 

Although  the  direction  of  the  electric  field 
within  the  co-axial  feed  cable  is  ambiguous 
due  to  the  presence  of  a  mismatch 
standing  wave  in  that  structure  it  is  clear 
that  a  balancing  action  is  developing 
between  the  sleeve  and  the  transmission 
line  outer.  Electric  fields  have  been 
ordered  to  develop  a  potential  between 
the  sleeve  ground  and  the  co-axial  cable 
outer.  This  conclusion  is  further  confirmed 
by  the  plot  of  electric  fields  at  the  plane  of 
the  balance  rim  as  shown  in  Figure  7. 


Figure  7  -  Helical  Antenna  Simulation  : 
Base  Surface  Currents  and  Electric  Field  at 
Plane  of  Baiun  rim 


Plotted  through  the  entire  centre  section 
of  the  antenna  at  a  different  scale  (Figure 
8)  it  is  clear  that  the  electric  fields  are  most 
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intense  at  the  resonant  voltage  mode  of 
the  helices  at  the  half  height  of  the 
radiating  section. 


Figure  8  -  Helical  Antenna  Simulation  - 
Surface  Currents  and  Electric  Field 
through  the  X-Y  Plane 

The  magnetic  field,  again  plotted  in  the 
same  plane  as  the  electric  field  (Figure  9)  is 
ordered  to  peak  at  the  positions  of 
maximum  surface  current  in  the  helices. 
Since  the  antenna  is  resonating  in  the 
helix  mode  this  condition  occurs  at  the  top 
and  base  of  the  helices. 


Figure  9  -  Helical  Antenna  Simulation  - 
Surface  Currents  and  Magnetic  Field 
through  the  X-Y  Plane 

The  electromagnetic  simulator  computes 
the  power  density  field  from  the  cross 
product  at  E  and  H  fields.  From  Figure  10  it 
can  be  seen  that  the  power  flows  are 
generally  in  opposition  in  the  left  and  right 
hand  side  respectively.  This  ordering 


occurs  in  accordance  with  the  balanced 
nature  of  the  antenna  feed. 


Figure  10  -  Helical  Antenna  Simulation, 
Surface  Currents  and  Field  Power  Density 
Through  X-Y  Plane 

The  conditions  for  preferential  selection  of 
right  hand  circularly  polarised  radiation 
require  current  balance  in  all  helix 
elements  and  phase  orthogonality 
between  them.  The  resonance  mode 
developed  in  this  simulation  example  does 
not  quite  meet  these  criteria  as  shown  from 
the  top  surface  feed  in  Figure  1 1 .  Clearly 
some  current  magnitude  difference  exists 
and  the  example  antenna  may  not  possess 
particularly  good  selectivity  of  right  hand 
circular  polarisation. 


-FE - 1 

Figure  1 1  -  Helicaf  Anteriha  Simulation  - 
Surface  Currents  at  Top  Feed  Point 
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FAR  FIELD  SIMULATION  RESULTS 


So  far  simulation  trials  have  failed  to  isolate 
the  true  quadrifilar  helix  resonant  mode  in 
the  dielectric  loaded  volute  antenna.  In 
other  words  it  has  been  difficult  to  set 
conditions  that  promote  proper 
orthogonality  in  the  helix  members  of  the 
antenna.  For  this  reason  no  volute  cardiod 
type  responses  have  so  far  been  obtained 
and  it  has  not  yet  been  possible  to 
demonstrate  selectivity  in  favour  of  right 
hand  circular  polarisation.  Therefore  mixed 
polarisation  far-field  simulated  patterns 
should  be  evaluated  against  the  stand¬ 
point  of  indicated  radiation  efficiency, 
particularly  in  the  light  of  the  apparent  poor 
match  indicated  by  the  standing  wave  in 
the  diagram  of  Figure  6.  The  simulated 
predictions  for  azimuthal  pattern  are  shown 
in  the  x-y  plane  and  z-y  planes  in  Figures 
12  and  13  respectively  and  the  prediction 
for  horizontal  plane  in  Figure  14.  In  all 
three  figures  the  radial  scale  is  set  at  -30dB 
toOdB  with  respect  to  isotropic. 


Figure  12  -  X-Y  Plane  Azimuthal  Simulated 
Far-Field  Pattern  for  the  1 .8Ghz  Antenna 


Figure  14  -  X-Y  Horizontal  Plane  Simulated 
Far-Field  Pattern  for  the  1 .8Ghz  Antenna 

MEASURED  RESULTS 

At  present  two  artwork  versions  of 
dielectric  loaded  quadrifilar  helix  antennas 
have  been  constructed.  The  design  of 
these  antennas  was  conducted  early  in  the 
project  and  their  purpose  was  primarily  to 
test  the  accuracy  of  the  electromagnetic 
simulation  model.  It  was  found  that  the 
simulator  could  predict  resonance 
frequency  to  within  a  few  MHz  accuracy. 
As  might  have  been  expected  for  an 
antenna  that  has  been  miniaturised  to  this 
extent  the  operating  bandwidth  is  low 
(Figure  15): 


sTAr?r  .  3on  non  mmz  stop  3  non  noo  non  mh::- 


Figure  13  -  Z-Y  Plane  Azimuthal  Simulated  Figure  15  -  Input  Reflection  Coefficient  of 

Far-Field  Pattern  for  the  1 .8Ghz  Antenna  the  Version  1  Dielectric  Loaded  Antenna 
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It  has  been  found  that  there  are  generally 
three  resonance  modes  with  the  present 
topology  of  antenna.  These  are 
associated  with  long-loop  resonance, 
parallel  long  and  short  loop  resonance, 
and  short  loop  resonance  modes  in  turn. 
The  measured  radiation  patterns  were  not 
particularly  well  ordered  but  occasionally 
patterns  were  measured  which  correlated 
well  with  the  simulation  theory.  For 
example  a  pattern  associated  with  the 
short  loop  modes  of  Figure  15  is  shown  in 
Figure  16.  It  correlates  well  with  the  theory 
for  the  radiation  pattern  for  which  a  single 
loop  is  dominant. 


SNI 


Figure  16  -  Measured  Right  Hand  Circular 
Azimuthal  Radiation  Pattern  for  a  Dielectric 
Loaded  Quadrifilar  Helix  Antenna 


TARGET  SPECIFICATION  FOR  THE 
DIELECTRICALLY  LOADED 
VOLUTE  ANTENNA 

Since  the  radiation  efficiency  of  the 
antenna  is  apparently  reasonably  good  it  is 
supposed  that  the  dielectrically  loaded 
volute  antenna  can  exhibit  patterns  that 
are  similar  to  those  of  an  equivalent  air- 
covered  volute,  but  over  a  narrower 
bandwidth.  This  was  the  starting 
assumption  at  the  inception  of  this 
research  and  though  such  performance 
has  yet  to  be  demonstrated  the  research 
results  are  promising.  The  development 
goals  are: 


•  To  develop  a  viable  GPS  antenna 
which  is  approximately  5mm  in 
diameter  and  20  mm  in  length. 

•  The  antenna  should  exhibit 
approximately  OdBic  gain  over  a  180° 
beamwidth. 

•  The  antenna  should  possess 
discrimination  in  favour  of  right  hand 
polarisation,  particularly  with  respect  to 
left  hand  polarisation.  It  should 
therefore  possess  good  multi-path 
rejection  characteristics. 

The  antenna  should  be  configurable  for 
PCB  mounting  onto  a  circuit  board  (Figure 

17)  or  alternatively  for  connection  to  a  long 
co-axial  cable  feed  perhaps  as  the  top  part 
of  a  whip-mount  stack  of  antennas.  (Figure 

18) . 


Figure  17  -  Circuit  Board  Mounting  of 
Dielectric  Loaded  Volute 


Figure  18  -  Whip-mounting  of  Dielectric 
Loaded  Volute 
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FURTHER  WORK  AND 
CONCLUSION 


The  choice  of  topology  that  has  been 
adopted  is  complex  but  elegant  in  terms  of 
mounting  flexibility.  NAVSTAR  SYSTEMS 
have  mounted  a  determined  effort  to 
realise  the  potential  performance  of  this 
structure.  A  design  route  towards  this 
miniature  dielectric  loaded  volute  antenna 
has  been  established,  but  the  approach 
needs  further  refinement  if  the  correctly 
phased  resonance  mode  is  to  be  found.  A 
particularly  important  step  in  this  regard  is 
to  build  the  model  so  that  it  characterises 
the  helical  radiation  resistance  per  helix  so 
that  proper  phasing  can  be  designed. 
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configuration  and  protocols  and  the  antenna  system  for 
use  on  board  helicopters.  A  combined  L-band  transmit, 
C-band  receive,  and  GPS  antenna  system  allows 
automatic  dispatch/flight  following  operations  and  safety 
communications  from  helicopters  operating  in  the  Gulf  of 
Mexico.  A  helicopter  presents  a  very  inhospitable 
environment  for  satellite,  or  upward  looking,  antennas. 

A  carefully  selected  group  of  antennas  have  been 
designed  that  makes  such  an  L-band  transmitter,  C-band 
receiver,  and  GPS  receiver  work  to  full  advantage  in  such 
an  environment. 

The  objectives  are  to  allow  helicopter  pilots  performing 
frequent  low  altitude  ferrying  between  wellhead  oil 
platforms  in  the  Gulf  of  Mexico  to  report  their  position 
and  intentions  to  the  company  while  also  actually 
decreasing  their  workload.  One  organization  operates 
about  240  of  the  total  of  600  such  aircraft  serving  in  the 
Gulf  area.  Dispatcher  flight  following  for  this 
organization  now  requires  22  people  at  several  bases. 

The  personnel  requirement  could  be  reduced  to  10  people 
with  S ATCOM.  One  flight  following  system  under 
consideration  uses  a  Mode-S  transponder  technology, 
rather  than  SATCOM.  The  Mode-S  system  does  not 
work  below  300  feet  altitude,  rendering  it  of  little  value 
for  such  helicopter  operations.  Some  of  these  aircraft 
perform  up  to  70  individual  flight  operations  per  day. 

The  results  from  an  extensive  SATCOM  demonstration 
on  board  a  Bell  206  aircraft  have  been  encouraging.  The 
value  lies  primarily  in  that  these  helicopters  no  longer 
need  to  climb  up  to  approximately  1000  feet  to  report 
positions  or  alter  flight  plans  as  was  necessary  using  the 
standard  UHF  radio  for  this  purpose.  The  operations 
generally  take  place  from  50  to  200  miles  out  over  water 
and  are  effectively  over-the-horizon  from  the  UHF  radio 
system.  Such  communications  tasks  are  now  operating 
so  as  to  relieve  all  of  the  position  reporting 
communications  workload  from  the  pilot.  It  also 
eliminated  the  extra  fuel  that  was  consumed  in  the  climb 
outs  required  to  reach  the  UHF  radio  horizon. 

It  is  concluded  that  such  a  satellite  based  GPS  position 
reporting  and  communication  system  has  been 
demonstrated  to  be  completely  effective  largely  due  to  the 
efficient  message  protocls  and  configuration  design. 


ABSTRACT 

The  primary  technical  innovation  involves  the  effective 
use  of  a  unique  satellite  transmitter  and  receiver  message 
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This  new  technology  application  now  allows  seamless 
organizational  asset  tracking  and  emergency  situation 
notification  for  possible  extraction  and  rescue. 

INTRODUCTION 

The  central  philosophy  here  is  to  provide  an  opportunity 
for  a  practical  and  automatic  flight  following  and 
dispatching  capability.  The  main  thrust  being  the 
technology  involving  message  transmission  configuration 
and  protocols.  A  chronic  situational  dilemma  is  that  of 
getting  the  critical  position  information  back  to  the 
control  and  dispatching  center  in  a  rapid  and  secure 
manner.  This  paper  explains  the  unique  application  of 
advanced  technology  in  the  areas  of  position  information 
transmission  via  new  configuration  of  available  antenna 
systems  and  the  idea  of  Spread  Spectrum  Code  Division 
Multiple  Access  (CDMA)  digital  message  transmission. 

The  ability  to  remotely  conduct  flight  following  by  using 
satellite  transmitting  devices  over  continent-wide  areas  is 
now  commercially  available.  This  system  uses 
commercial  satellites  without  risk  of  signal  detection  or 
losing  position  reports.  Advances  in  microchip 
development  along  with  Chip-On-Board  (COB) 
manufacture,  and  the  best  developments  in  micro  GPS 
engines  support  this  so  called  automatic  dependent 
surveillance.  Newcomb  Communications,  Inc.  of  New 
Hampshire  is  applying  digital  Direct  Sequence  Spread 
Spectrum  (DSSS)  techniques  to  the  position  reporting 
and  tracking  system.  Based  on  the  pioneering  work  by 
Dr.  Gerry  O'Neill,  DSSS  by  Newcomb  transmits  reliable 
identity  and  position  reporting  signals  to  Geostationary 
satellites  over  22,000  miles  from  the  surface  using  bursts 
of  only  a  few  watts  of  energy  lasting  less  than  a  tenth  of  a 
second.  Such  advanced  technology  has  enabled  the 
manufacture  of  small,  low  power  position  reporting  and 
communication  systems.  Proprietary  designs  leverage  a 
form  of  DSSS  signal  transmission  called  Code  Division 
Multiple  Access  (CDMA),  ensuring  every  position  report 
sent  will  be  received.  A  unique  feature  is  that  the 
transmissions  appear  up  to  1000  times  below  the 
naturally  occurring  background  noise  at  the  receiver. 
Accurate  position  information  is  determined  using 
embedded,  miniature  Global  Positioning  System  (GPS) 
receivers. 

The  main  issue  is  how  best  to  get  the  position 
(navigational)  information  back  to  the  organizational 
element  that  needs  to  conduct  the  flight  operations. 

These  are  the  dispatchers  or  controllers.  All  of  the  GPS 
systems  provide  such  information  to  the  entity  carrying 
the  receiver,  but  relies  on  various  radio  links,  often 


depending  on  extensive  surface  assets  to  complete  the 
communication  task.  The  task  often  adds  considerable  to 
the  pilot's  workload.  This  task  should  be  as  fully 
automated  as  possible,  and  yet  allow  emergency  traffic 
and  routine  optional  traffic  as  needed. 

The  main  technical  innovations  of  interest  involve  the 
effective  use  of  a  unique  satellite  transmitter  and  receiver 
antennas  for  use  on  board  aircraft,  particularly 
helicopters.  L-band  transmit,  GPS  and  C-band  receive 
antennas  allow  automatic  real-time  dispatch/flight 
following  operations.  Safety  communications  from  the 
aircraft  include  timely  reporting  of  selected  telemetry  of 
any  information  considered  critical  to  the  individual 
operation. 

Helicopter  pilots  performing  frequent  low  altitude 
ferrying  between  wellhead  oil  platforms  in  the  Gulf  of 
Mexico  are  required  to  report  their  position  and 
intentions  to  the  company  dispatcher  while  also 
considerably  decreasing  their  workload.  One 
organization  operates  about  300  of  the  total  of  600  such 
aircraft  serving  in  the  Gulf  area.  In  one  particular  case 
the  dispatcher  flight  following  for  this  organization  now 
requires  22  people  at  several  bases.  The  persormel 
requirement  could  be  reduced  to  about  10  people  with 
this  advanced  technology  SATCOM  and  tracldng 
capability.  The  FAA  secondary  surveillance  radar 
tracking  does  not  perform  well  when  the  aircraft  are 
operating  below  300  feet,  rendering  it  of  little  value  for 
such  off-shore  helicopter  operations.  The  pilot  workload 
is  high  as  some  of  these  aircraft  perform  up  to  70 
individual  flight  operations  per  day. 

The  GPS  Subsystem 

The  GPS  Subsystem  determines  precise  geographic 
position,  altitude,  velocity,  and  time  from  LI  GPS, 
1575.42  MHz  Standard  Positioning  Service  signals 
generated  by  at  least  four  GPS  satellites.  Positional 
accuracy  is  25  meters  CEP  using  Full  Accuracy  C/A 
Code  and  10  meters  CEP  using  optional  Differential 
GPS.  The  GPS  subsystem  provides  this  derived 
information  to  the  transmitter  and  KDU  subsystems 
periodically,  typically  once  per  second. 

The  GPS  subsystem  consists  of  OEM  units  such  as  the 
Trimble  SVeeSix  or  Rockwell  MicroTracker  units. 

The  Antenna  Subsystem 

The  antennas  are  omnidirectional.  They  consist  of  flat 
plate,  approximately  0.5”  high  by  6”  diameter  and  a  "cell 
phone"  type  whip.  The  flat  plate  antenna  generally 
consists  of  a  patch  or  quadrifiler  device  with  left-hand 
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spin  and  axillary  rates  of  4  dB.  There  are  several 
antenna  configurations  available  for  this  system.  They 
are; 

•  L/C  band  patch  3dBi  gain  antenna  and  a 
separate  active  GPS  antenna. 

•  L/C  band  TX/RX  Aircraft  left  hand 
circular  polarized  L-band  and  Vertical 
polarized  C-band  recieve  antenna  and  a 
separate  active  GPS  anteima. 

•  GPS  20mA  active  aircraft  anteima. 

•  GPS  20mA  active  ground  anteima. 

•  L/C  band  and  GPS  combined  patch 
antenna. 

The  Workstation 

The  Newcomb  Supervisory  Control  and  Tracking 
(NSCAT)  workstation  is  the  basic  unit  that  provides 
graphical  tracking  of  assets  equipped  with  Newcomb 
Communications,  Inc.  mobile  satellite  transmitters.  Both 
real-time  and  historical  displays  are  available. 

The  normal  platform  for  this  package  is  a  90  megahertz 
Pentium  with  24  meg  of  ram,  a  500  meg  IDE  disk  plus  a 
1  gig  SCSI  disk.  A  tape  back  up  system  is  also  included. 
The  video  subsystem  is  a  PCI  graphics  adapter  with  2 
meg  of  RAM.  A  CD  ROM  drive  is  included  for  loading 
of  programs  and  data  to  disk  and  is  not  intended  for  live 
access.  This  selection  of  hardware  was  chosen  to  provide 
good  performance  and  proper  storage  space. 

This  program  provides  the  link  to  the  Newcomb 
Communications,  Inc.  ground  station.  Connection  can 
be  made  either  through  a  direct  dial  up  or  through  a  local 
Internet  provider.  (Automating  local  Internet 
connections  is  a  custom  option).  Data  collected  is  added 
to  the  NSCAT  data  base  for  future  retrieval  and  display. 

MESSAGE  CONFIGURATION  AND  PROTOCOLS 

Spread  Spectrum  Background 

Spread  spectrum  communication  was  borne  of  the  need 
for  secure  communications  during  World  War  II. 
"Spectrum  spreading  was  a  natural  result  of  the  Second 
World  War  battle  for  electronic  supremacy,  a  war  waged 
with  jamming  and  anti  jamming  [AJ]  tactics.  On  the 
Allied  side  by  the  end  of  the  war,  every  heavy  bomber 
was  equipped  with  at  least  two  jammers  developed  by  the 
Radio  Research  Laboratory  (RRL)  at  Harvard."  In  a 
postwar  RRL  report:,  the  following  comment  on  AJ 
design  is  notable:  "In  the  end,  it  can  be  stated  that  the 


best  anti-jamming  is  simply  good  engineering  design  and 
the  spreading  of  the  operating  frequencies."' 

Transmitting  position  information  using  spread  spectrum 
is  now  a  well  established  technique  for  highly  reliable 
communication.  Today  such  successful  military 
programs  as  the  Joint  Tactical  Information  Distribution 
System  (JTIDS)  and  Global  Positioning  System  (GPS) 
use  spread  spectrum  techniques. 

Spread  Spectrum,  CDMA 

The  Newcomb  systems  use  direct  sequence  spread 
spectrum  techniques.  This  is  accomplished  by  Binary 
Phase  Shift  Keyed  (BPSK)  modulation  of  the 
fundamental  carrier,  along  with  carrier  suppression, 
producing  a  double  side  band  signal  occupying  a 
spectrum  twice  as  wide  as  the  modulation  rate.  The 
signal  elements  used  to  determine  phase  shifts  are  the 
"ones"  and  "zeros",  called  "chips",  of  "pseudo-noise" 

(PN)  generated  by  any  one  of  many  millions  of  binary 
polynomials.  Chips  are  taken  in  groups  and  assigned  to 
represent  the  data  bits  of  a  digital  message.  Each  group 
of  chips  is  either  inverted  (binary  ones-complemented)  or 
not,  depending  on  the  value  of  the  bit  being  encoded. 

This  results  in  signal  which,  in  addition  to  being  at  a  low 
power  level,  has  all  the  characteristics  of  thermal  noise  to 
any  receiver  not  sharing  the  exact  PN  pattern. 

Thousands  of  position  report  messages  may  share  a 
single  radio  chaimel,  providing  they  are  staggering  the 
timing  of  a  given  PN  code.  This  sharing  is  known  as 
CDMA.  Each  CDMA  signal  is  automatically  encoded 
with  the  identification  of  its  individual  transmitter,  and 
contains  patterns  enabling  recognition,  detection  and 
position  report  recovery  by  a  properly  synchronized  earth 
station  which  knows  the  particular  PN  code  used.  This 
facilitates  a  decentralized  satellite  conununication 
network.^  Several  receivers,  each  sharing  a  private  PN 
code  vvith  its  population  of  transmitters,  may 
concurrently  use  a  single  chaimel.  To  any  receiver  not 
privy  to  a  PN  code,  the  chaimel  appears  to  have  nothing 
but  naturally  occurring  noise,  as  the  signals  are 
camouflaged,  to  have  all  the  properties  of  an  empty 
frequency. 

Certain  salient  characteristics  of  this  form  of 
communication,  making  it  ideal  for  reliable  delivery  of 
position  information  to  remote  controllers  and 
dispatchers,  are; 

•  Low  Power,  Small  flat  "patch"  antennas 
can  reach  the  satellite. 
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•  Security,  Low  Probability  of  Detection, 
(LPD)  An  extremely  low  average  power 
density  (less  than  thermal  noise  at 
reasonable  distance  from  the  transmitting 
antenna)  combined  with  noise-like 
encoding  makes  signal  difficult  to  detect. 

•  Security,  Low  Probability  of 
Interception  (LPI),  In  the  unlikely  event 
that  signals  are  detected,  they  cannot  be 
decoded,  or  even  demodulated,  without 
knowing  the  particular  PN  code  in  use. 

In  addition,  the  actual  position  report  data 
may  easily  be  enciypted. 

•  Multiple  Access  CDMA,  This  allows 
imscheduled  transmissions  by  multiple 
users,  even  when  messages  may  overlap. 

It  provides  reliable  message  reception 
with  an  overall  system  capacity  of  more 
than  2  million  messages  per  hour. 

•  Near  /  Far  Performance,  The 
combination  of  spread  spectrum  coding 
and  satellites  creates  a  synergy 
particularly  suited  for  wide  area  covert 
communications,  tracking  and 
surveillance.  Targets  outside  the  normal 
operating  areas  may  be  monitored  from 
any  distance,  while  dispatchers  remain  in 
communication  without  effective  loss  of 
communication. 

To  demonstrate  the  effectiveness  of  making  real-time 
automatic  information  available  to  the  operators  that 
need  it,  a  30  day  position  reporting  demonstration  was 
recently  completed.  The  Newcomb  satellite  tracking 
system  was  installed  on  board  a  Bell  206  aircraft  that  was 
very  active  in  serving  wellhead  platforms.  The  results 
were  encouraging.  The  value  was  primarily  in  that  the 
helicopters  no  longer  had  to  climb  up  to  approximately 
1000  feet  to  report  their  positions.  This  often  forced 
them  to  alter  flight  plans  made  necessary  because  the 
standard  UHF  radio  was  below  the  horizon. 

These  operations  generally  take  place  from  50  to  200 
miles  out  over  water  and  are  effectively  over-the-horizon 
from  the  UHF  radio  system.  On  board  the  equipped 
aircraft,  communications  tasks  are  operating  so  as  to 
relieve  all  of  the  position  reporting  communications 
workload  from  the  pilot.  The  operation  also  eliminated 
the  extra  fuel  that  was  consumed  in  the  climb  outs 
required  to  reach  the  UHF  radio  horizon.  This  system  is 
being  considered  by  the  FAA  to  fuffill  the  requirements 
for  Automatic  Dependent  Smveillance  (ADS)  techniques. 


Transparent  Data  Transfer  Mode 

Unlike  the  other  modes  of  operation,  the  transparent  data 
transfer  mode  presumes  that  the  other  side  of  its  interface 
is  governed  by  a  program  or  process  running  on  a 
microprocessor  connected  to  this  serial  interface.  We'll 
use  the  term,  mobile  process,  to  refer  to  this  process 
attached  to  the  aircraft  beacon.  We  presume  that  the 
mobile  process  wants  to  use  this  mode  of  the  interface  to 
exchange  reliable,  ordered  streams  of  8-bit  data  with  a 
compatible  process  at  the  customer's  base  station.  We'll 
use  the  term,  base  process,  to  refer  to  this  base  station 
process  that's  exchanging  data  streams  with  the  mobile 
process.  Since  the  base  process  must  log  into  the  satellite 
gateway  to  get  its  data,  and  since  the  satellite  gateway's 
protocols  cannot  avoid  adding  protocol  data  to  the  data 
being  exchanged,  some  portion  of  the  base  process  must 
adapt  the  8-bit  data  stream  to  the  protocols  in  use.  We'll 
use  the  term,  protocol  adapter,  to  refer  to  that  part  of  the 
base  process.  Specifically,  inbound  packets  from  the 
aircraft  beacon  to  the  gateway  cannot  be  acknowledged 
without  help  from  the  base  process.  Therefore,  the 
aircraft  beacon  transparent  data  transfer  mode  requires 
cooperation  from  the  customer's  protocol  adapter  to 
insure  reliable,  ordered  delivery  of  the  8-bit  data  streams. 
This  works  in  the  following  way. 

When  transferring  inbound  data  in  this  mode,  the  aircraft 
beacon  will  accumulate  eveiy  8-bit  byte  from  the  mobile 
process  into  a  packet  conforming  to  the  Simple  Transport 
Protocol  (STP),  (closely  related  to  the  CCITT  X.25 
network  layer  protocol).  The  aircraft  beacon, 
recognizing  that  it's  in  transparent  data  transfer  mode, 
will  provide  STP  acknowledgments  back  to  the  protocol 
adapter,  and  then  disassemble  the  STP  packets  into  an 
ordered  8-bit  stream  of  data,  which  is  presented  to  mobile 
process  across  this  interface. 

Once  in  this  mode,  data  bytes  do  not  exert  any  influence 
on  the  operation  of  the  interface;  to  wit,  there  are  no 
bytes  that  are  considered  control  characters .  In  general, 
RTS/CTS  is  used  to  control  the  inbound  flow  of  data, 
from  the  mobile  process  to  aircraft  beacon  (toward  the 
base  process);  and  DTR/DSR  is  used  to  control  the 
outboimd  flow  of  data,  from  the  aircraft  beacon  to  the 
mobile  process.  The  specific  control  signal  usage  in  this 
mode  is  as  follows: 

CD:  The  aircraft  beacon  asserts  Carrier  Detect 

only  when  it  has  established  an  STP 
connection  with  the  protocol  adapter.  It 
removes  CD  whenever  this  connection  is 
lost. 
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RTS:  The  mobile  process  asserts  Request  To 
Send  to  indicate  that  it  wants  to  transmit 
data  to  the  base  process.  It  removes  RTS 
in  order  to  force  the  inbound  data  stream 
to  stop,  and  thereby  forces  completion  of 
any  partially  constructed  packets. 

CTS:  The  aircraft  beacon  asserts  Clear  To  Send 
whenever  it's  ready  to  accept  inbound 
data  for  transmission  toward  to  the 
protocol  adapter.  This  is  true  whenever 
there's  a  connection,  and  thus  only  if  CD 
is  true.  It  drops  CTS  to  halt  the  flow  of 
data  from  the  mobile  process. 

DSR:  The  aircraft  beacon  asserts  Data  Set 

Ready  whenever  it  may  have  outbound 
data  to  present  to  the  mobile  process. 

This  is  true  whenever  there's  a 
connection,  and  therefore  whenever  CD  is 
true. 

DTR:  The  mobile  process  asserts  Data  Terminal 
Ready  whenever  it's  ready  to  receive 
outbound  data  from  the  aircraft  beacon. 

It  removes  DTR  in  order  to  halt  the  data 
it's  receiving  from  the  aircraft  beacon. 

After  the  mode  entry  sequence,  the  aircraft  beacon  will 
attempt  to  make  an  STP  connection  to  the  protocol 
adapter.  After  the  coimection  is  made,  it  will  assert  the 
CD,  CTS,  and  DSR  signals. 

The  aircraft  beacon  will  continue  assembling  and 
sending  packets  as  long  as  they  are  acknowledged  by  the 
customer's  protocol  adapter.  Whenever  the  protocol 
adapter  indicates  that  it's  not  ready  to  receive  more 
packets,  it  will  stop  the  flow  of  bytes  from  the  mobile 
process  by  removing  the  CTS  signal. 

A  similar  process  operates  on  the  outbound  chaimel.  As 
packets  arrive  from  the  protocol  adapter  via  the  satellite 
gateway,  the  aircraft  beacon  sends  back 
acknowledgments  to  the  satellite  gateway  and  STP 
sliding  window  acknowledgments  to  the  protocol  adapter. 

The  service  is  characterized  as  unreliable  because  - 
although  messages  are  never  delivered  out  of  order  or  in 
mangled  condition  --  the  messages  are  sometimes  lost 
and  not  delivered  at  all.  This  happens  for  a  number  of 
reasons:  the  attitude  of  the  aircraft  or  boat  may  move  the 
antenna  out  of  sight  of  the  relevant  satellite;  or  the 
mobile  unit  may  pass  underneath  a  physical  obstruction 
like  an  overpass;  or  the  information  may  be  lost  after  it's 
been  passed  into  the  internet,  etc.  —  none  of  which  can  be 


prevented.  To  compensate  for  this,  we  must  add  a 
transport-level  protocol  that  guarantees  end-to-end 
delivery  of  every  packet's  worth  of  data  that's  sent.  The 
Simple  Transport  Protocol  (STP),  has  been  customized 
designed  to  do  this. 

Why  is  a  customized  transport  protocol  necessary?  There 
are  several  widely  accepted,  standard  transport  protocols 
that  have  already  proven  themselves  -  e.g.  TCP/IP  and 
the  many  classes  of  ISO  transport  protocols. 
Unfortunately,  none  of  these  standard  protocols  is 
practical  under  these  circumstances,  for  several  reasons: 

•  They  have  to  pay  a  proportionately  high 
price  in  overhead  --  both  processing 
overhead,  and  data  space  overhead. 

•  The  protocols  restrict  the  data-carrying 
capacity  of  their  packets  to  about  90 
bytes. 

•  TCP/IP  headers  would  add  up  to  48  bytes, 
or  more  than  half  of  the  available  packet 
size. 

•  Standard  protocols  make  significant 
assumptions  about  the  presence  of, 
properties  of,  and  services  offered  by 
standard  protocol  layers  lower  down  in 
the  communications  stack. 

Therefore,  it's  impossible  to  take  an  existing,  proven 
implementation  and  adapt  it  with  only  minor 
modifications.  The  whole  thing  —  or  at  least  most  of  it  -- 
would  have  to  be  rewritten  from  scratch,  yielding  a 
grossly  overweight  implementation,  with  a  great  many 
unused  but  irremovable  features,  that  therefore  becomes 
extraordinarily  difficult  to  test.  The  only  proven  part  that 
would  survive  would  be  the  rules  of  the  protocol  and  their 
effect  on  communication. 

The  X.25  fixed-size  sliding  window  used  for 
acknowledgments  can  provide  sequencing  and  fiow 
control,  but  cannot  simultaneously  detect  missing 
packets.  Therefore,  we  simply  add  the  proven  technique 
of  accredit  allocation  to  the  X.25  protocol  and  add  a 
corresponding  credit  field  to  the  header.  Then  we 
eliminated  certain  header  fields  and  their  associated 
facilities.  We  eliminated  X,25's  Q-,  D-,  and  M-bits  from 
the  header,  since  their  associated  functions  serve  no 
useful  purpose  here.  As  a  result,  we  end  up  with  the 
minimal  transport  protocol  described  below,  for  which 
there  is  prima  facie  evidence  that  it  will  retain  the  proven 
benefits  of  the  X.25  protocol. 
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Timing  and  Time-outs 

When  an  aircraft  beacon  transmits  a  packet,  it  takes 
about  70  milliseconds  to  send  a  maximal  length  packet. 
The  packet  will  take  approximately  0.25  seconds  to  travel 
up  to  the  satellite  and  back  down  to  the  satellite  gateway. 
Once  inside  the  satellite  gateway,  there  will  be  an 
apparently  negligible  delay  before  the  information  is 
translated  to  the  record  format.  If  the  data  travels  to  the 
customer's  site  via  internet,  this  adds  delays  of  about  2 
seconds  (normal  delay)  to  10  seconds  (typical  long 
delays).  So  the  total  inbound  delay  is  expected  to  be 
somewhere  in  the  vicinity  of  4  to  12  seconds. 

We'll  assume  that  the  time  spent  in  the  customer's  system 
is  negligible  and  try  to  estimate  the  outbound  travel  time. 
The  size  of  the  SHIS  DATA  command  for  a  maximal 
packet  is  approximately  197  bytes,  which  takes  0.8 
seconds  at  2400  baud.  Once  the  DATA  command  has 
been  entered,  the  delay  until  it's  transmitted  will  be  less 
than  a  minute .  Let's  say  it's  delayed  30  to  60  seconds  in 
the  satellite  gateway.  The  transmission  of  approximately 
100  bytes  at  1200  baud  will  take  about  0.8  seconds.  And 
the  satellite  transit  delay  will  be  0.25  seconds  once  again. 
So  the  outbound  delay  is  expected  to  be  somewhere 
around  35  to  65  seconds. 

The  total  round-trip  time  for  a  packet  and  its 
acknowledgment,  or  confirmation,  is  thus  expected  to  be 
around  40  to  80  seconds,  with  considerable  variability. 
Therefore,  we  specify  that  all  STP  time-out  periods 
should  be  set  to  a  minimum  of  90  seconds.  When  an 
attempted  connection  times  out,  this  interval  will 
increase  arithmetically  until  it  reaches  the  two  way 
aircraft  beacon's  automatic  transmission  interval. 

One  further  note  on  throughput.  The  two  way  aircraft 
beacon,  for  internal  physical  reasons,  will  limit  it's 
transmissions  to  no  more  frequently  than  one  every  10 
seconds.  Therefore  its  average  data  throughput  can  be  no 
greater  than  9  bytes  per  second,  or  90  baud.  The 
outbound  throughput  is  limited  to  1200  baud  for  all 
outbound  100-byte  packets  to  all  connected  mobile  units. 
Therefore,  the  outbound  connections  are  limited  to  1200 
baud  divided  by  the  number  of  two  way  aircraft  beacons 
that  are  currently  connected. 

CURRENT  APPLICATIONS 

Newcomb  Communications,  Inc.  is  now  building  both 
transmit-only  (model  CP-1)  and  transmit/receive  (model 
AV-2)  long  range  mobile  satellite  communication 
systems  for  continent  wide  tracking  and  covert 
surveillance.  Extensive  demonstration  and  test  programs 
with  such  agencies  as  the  U.S.  Army,  U.S.  Coast  Guard, 


U  S.  Customs  Service,  and  the  Drug  Enforcement 
Administration,  have  been  conducted  with  success.  The 
system  configurations  demonstrated  are  a  full  digital 
aircraft  radio.  These  are  packages  in  a  1/4  ATR  Short 
Chassis  and  are  manufactured  using  surface  mount 
technology.  Power  requirements  are  between  6  and  8 
watts.  Future  models  will  use  MMIC  and  ASIC  devices 
to  further  reduce  size,  weight,  and  power. 

Military  Command  and  Control 

The  Army  is  using  this  system  as  a  secure  long  range 
vehicle  communications  for  virtual  situation  control, 
helicopter  flight  following,  and  communications 
operations.  Anticipated  applications  include  secure 
communications  and  control  links  in  the  Army  Special 
Forces  and  US  Special  Operations  Command.  The 
salient  LPI/LPD  features  and  the  ability  of  the  entire 
system  to  handle  millions  of  messages  per  hour  can 
provide  communications  support  for  tactical 
commanders.  Commanders  can  now  have  surveillance 
coverage,  positive  control,  and  covert  communications 
with  all  equipped  forces  independent  of  distance  and 
ground  obstructions. 

Coast  Guard  VTS  and  SAR  Operations 

The  Coast  Guard  has  demonstrated  this  form  of 
communication  because  of  the  total  system  capacity 
afforded  by  CDMA  DSSS  and  the  real  time  nature  of  the 
communications.  These  applications  include  Vessel 
Traffic  Systems  (VTS)  and  Search  and  Rescue  (SAR) 
operations  on  the  high  seas.  The  vessel  traffic  control 
system  application  was  demonstrated  in  the  Narragansett 
Bay  and  New  Orleans  areas  by  placing  a  CP-1  type 
transmitter  on  work  boats,  ferry  boats,  and  even  a 
Mississippi  River  Boat.  The  search  and  rescue 
operations  have  demonstrated  the  possibility  of 
eliminating  the  "Search"  portion  of  the  scenario  owing  to 
the  track  following  behavior  of  the  system  when  any 
interruption  may  indicate  a  problem  calling  for  help. 

Counterdrug  Tracking 

The  U.S.  Customs  and  DEA  have  ongoing  test  operations 
involving  tracking  of  both  overt  and  covert  target 
vehicles,  including  cars,  boats,  and  aircraft.  The  nature 
of  the  tracking  workstation  to  include  customized 
mapping  allows  operational  control  with  a  strong 
decision  support  aspect.  The  inclusion  of  an  "emergency 
switch"  feature,  enabling  the  vehicle  operator  to  change 
the  nature  of  the  automatically  transmitted  signal  without 
any  other  person  noticing  this  action,  is  a  strong 
inducement  to  use  such  a  position  reporting  system  in 
this  type  of  work.  Counterdrug  work  has  caused  the 
beacons  to  be  mounted  on  containers,  allowing  suspect 
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shipments  to  be  tracked  without  placing  any  agents  in 
danger. 

FUTURE  ENHANCEMENTS 
Message  Encryption 

The  Newcomb  DES  system  is  a  complete  system  whose 
data  is  controlled  and  encrypted  at  the  point  of  origin  and 
decrypted  at  the  end  point.  This  type  of  system  has  the 
greatest  chance  for  integrity. 

The  Newcomb  DES  system  consists  of  an  Encryption 
Device  for  encryption  at  the  beacon  and  a  decryption 
device  for  decryption  at  the  itser  workstation.  Both  shall 
have  the  ability  to  encrypt  and  decrypt  messages,  but 
must  be  unique  for  the  CP-1  beacon.  The  decryption 
device  at  the  tracking  workstation  shall  not  be  identical 
to  those  used  at  beacon  sites  due  to  processing 
limitations. 

In  the  DES  CP-1  system,  there  is  ortly  one  unique  key  per 
tracking  workstation.  Therefore,  a  tracking  workstation 
may  only  decrypt  those  units  supplied  with  the  same  one 
key.  It  may  receive  other  transmissions  from  imits 
supplied  with  a  different  key,  but  it  carmot  extract  any 
information  from  the  coded  message. 

The  encoded  portion  of  the  message  throughout  the  DES 
CP-1  system  shall  corrsist  of  GPS  location  information 
followed  by  an  optional  message  from  the  beacon 
keyboard  or  a  PC. 

The  encryption  device  at  the  beacon  shall  be  permanently 
moimted,  preferably  internal  to  the  beacon.  The  host  PC 
is  optional  in  a  remote  site  with  the  beacon. 

Emergency  Situation  Indicatior 

An  emergency  situation  on  board  the  vehicle,  plane,  or 
boat  being  tracked,  such  as  a  call  for  extraction,  can  be 
sent  in  a  covert  marmer.  This  is  accomplished  through  a 
remote  switch,  button  or  an  radio  frequency  key  that  can 
be  used  to  change  the  message  header  content  at  any  time 
while  the  beacon  is  transmitting  during  a  mission.  This 
is  in  preference  to  using  the  standard  laptop  keyboard  to 
effect  such  a  change  in  situation  call.  The  appearance  of 
the  keyboard  would  make  the  existence  of  the  tracking 
system  obvious  to  the  "bad  guys"  that  may  be  in  the 
vicinity  of  the  operator. 

Video  Capture 

A  miniature  monochrome  video  camera  may  be  included 
with  the  CP-1  unit  allowing  an  automatically  controlled 


or  directed  video  frame  to  be  captured,  compressed  and 
transmitted  to  the  workstation 

A  50  to  1  compression  software  module  is  added  to  the 
CP-1  mobile  earth  station  so  that  a  video  frame  can  be 
captured  (such  as  in  the  use  of  a  "frame  Grabber"  or 
video  switch  sequence),  compressed,  packetized,  and  sent 
to  the  tracking  workstation  as  message  content  in  a  small 
number  of  messages  from  the  transmitter.  These  image 
content  type  messages  are  than  decompressed  at  the 
receiving  workstation,  assembled  and  displayed.  The 
image  frames  are  time  stamped  and  archived  without 
operator  intervention.  Such  a  capability  enables  an 
effective  remote  automated  operation  to  be  rapidly 
deployed  without  regard  to  any  existing  terrestrial 
communications  infrastructure. 

Personal  tracking 

Looking  at  the  next  generations  of  this  system,  several 
derivations  are  being  designed.  One  is  for  the  individual, 
such  personally  carried  miniture  transmitters  can  be  built 
using  advanced  integrated  chip  and  manufacturing 
technology  to  compact  the  designs  bringing  the  total 
system  weight  down  from  the  current  seven  (7)  pounds  to 
less  than  two  (2).  This  will  provide  two  way 
communications,  location  tracking,  and  identification  in 
almost  any  location. 

Downed  Pilot  Locator 

Remembering  the  recent  Capt.  Scott  O’Grady  rescue 
operation  in  Bosnia,  we  are  anticipating  that  the  Air 
Force  would  have  a  future  interest  in  a  miniturized 
personal  communication  and  tracking  system.  Basically, 
a  small  two-way  satcom  unit  talking  to  a  synchronous 
satellites,  renders  the  signal  almost  impossible  to  detect 
or  jam  and  does  not  require  a  local  rescue  search 
operation  to  make  the  pilot's  location  and  situation 
known.  A  smaller  transmitter  would  provide  a  secure, 
difficult  to  detect  or  intercept,  and  unlimited  range  “get 
me  the  hell  out  of  here”  type  message.  The  built  in  GPS 
receiver  provides  an  accurate  position  along  with  that 
message.  This  answers  several  needs  in  such  a  situation. 

Command  and  Control 

Comprehensive  operational  control  of  assets  both  on  the 
surface,  at  sea,  and  in  the  air  can  now  create  a  real-time 
satellite  view  of  any  rapidly  changing  situation.  The 
technique  of  Intransit  Visability  is  now  possible. 

It  is  recognized  that  the  ability  to  communicate  using 
satellites  without  large  antenna  dishes,  power  supplies, 
power  amplifiers  and  other  support  equipment  is  an 
indispensable  feature  in  an  efficient  wide  area  operation. 
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This  type  of  communication  is  secure,  dependable,  and 
efficient. 

Remotely  Piloted  Vehicles 

This  area  shows  promise  in  that  more  accurate  and  real¬ 
time  control  adds  the  concept  of  mission  variation  and 
emergency  response  to  the  operating  envelope  of 
Remotely  Piloted  Vehicle  (RPV)  operations.  Opening  up 
multiple  CDMA  channels  on  a  single  aircraft  beacon  will 
enable  high  data  rates  that  encompass  real-time  video, 
extensive  telemetry,  and  precise  control. 

Data  Collection 

The  placement  of  small,  low  power  beacons  that  transmit 
a  pre-selected  data  stream  or  burst  will  make  remote 
automated  weather  or  environmental  reporting  an 
efficient  option  for  the  advanced  warning  of  natural 
disasters,  storm  warnings,  or  the  control  of  smoothly 
operating  "just  on  time"  inventory  deliveries. 

CONCLUSION 

Such  a  satellite  based  GPS  position  reporting  and 
communication  system  has  been  demorrstrated  to  be 
completely  effective  largely  due  to  the  efficient  antenna 
coupling,  transmission  protocols,  and  message 
configirration  design.  This  new  technology  application 
now  allows  seamless  organizational  asset  tracking  and 
emergency  situation  notification  for  such  situations  as 
extraction  and  rescue. 

The  significance  of  the  message  engineering  is  that  the 
position  information  is  effectively  available  at  a  remote 
workstation  when  required.  This  now  promotes  greater 
reliability  and  security  of  signal  transmission.  The  cost 
savings  are  considerable  for  such  tracking  and  flight 
following  operations,  and  the  increased  safety  resulting 
from  real-time  position  reporting  are  considerable. 

This  integration  of  a  variety  of  technologies  in  electronics 
and  software  provides  the  capability  for  flexible,  long 
range,  and  secure  tracking  of  all  assets. 
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ABSTRACT 

This  report  presents  the  results  of  performance  tests 
conducted  on  several  state-of-the-art  Differential  Global 
Positioning  System  (DGPS)  Minimum-Shifl-Keyed  (MSK) 
receivers  under  varying  conditions.  Previous  papers  have 
theorized  that  spe^c  data  rates  and  RTCM  SC-104 
message  types  will  produce  greater  data  throughput  and  thus 
better  navigational  solution  accuracies,  particularly  in  the 
presence  of  atmospheric  noise.  The  purpose  of  this  dBfort  was 
to  determine  the  capability  of  commercially  available 
receivers  with  regard  to  proposed  USCG  DGPS  broadcast 
parameters;  additionally,  the  tests  attempted  to  validate 
theorized  optimal  broadcast  parameters  (message  type  and 
speed)  with  regard  to  static  noise  and  carriers/jammer 
interference.  The  performance  testing,  conducted  at  the  US. 
Coast  Guard  (USCG)  Research  and  Development  Center 
(RDC)  in  Groton,  CT,  was  done  in  three  phases,  fri  the  first 
phase,  the  MSK  receivers  were  tested  under  real-time 
atmospheric  noise  conditions.  In  the  second  phase  of  testing, 
DGPS  corrections  of  various  ages  were  received  to  determine 
throughput  as  a  fimction  of  correction  latency,  fri  the  third 
phase,  the  receivers  were  tested  in  the  presence  of  a 
controlled  CW  carrier  fimctioning  as  an 
interference/jamming  source.  Performance  was  quantized  for 
each  of  the  phases,  which  resulted  in  a  collection  of 
performance  data  that  was  correlated  to  atmospheric  noise 
and  interfering  CW  signal  strength  and  frequency 

INTRODUCTION 

The  Coast  Guard  is  charged  under  14  US.  Code  81  with  the 
establishment,  maintenance,  and  operation  of  electronic  aids 
to  navigation  in  order  to  prevent  disasters,  collisions,  and 
wrecks  of  vessels  and  aircrafl[l].  The  Coast  Guard's  role  as 
a  primary  provider  and  user  of  radionavigation  prompted  the 
Coast  Guard  Research  and  Development  Center  (RDC)  to 
begin  GPS-related  research  in  1983.  The  research  program 
concluded  that  real-time  DGPS  corrections  could 
significantly  improve  the  accuracy,  provide  a  high  level  of 
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integrity,  increase  the  usable  coverage,  and  provide  local 
control  of  the  civilian  portion  of  GPS  without  interfering 
with  the  military  operation  of  the  system.  The  research 
program  also  recommended  that  these  improvements  be 
incorporated  in  future  navigational  services  utilizing  GPS  as 
a  standard[2], 

hi  1988,  the  Coast  Guard*s  Office  of  Navigation  and 
Waterways  Safety  selected  DGPS  as  the  tool  to  fill 
requirements  for  harbor  and  harbor  approach  navigation 
contained  in  the  Federal  Radionavigation  Plan  (FRP).  The 
Coast  Guard  developed  an  implementation  plan  that  would 
establish  a  network  of  DGPS  broadcast  stations.  Under  the 
plan,  the  network  would  be  operational  in  1996,  and  would 
cover  both  coasts  of  the  U.S.,  Hawaii,  Alaska,  and  Puerto 
Rico.  The  format  of  the  corrections  would  be  based  on 
message  and  data  standards  developed  by  a 
multi-disciplinary  committee  imder  the  sponsorship  of  the 
Radio  Technical  Commission  For  Maritime  Services  Special 
Committee  104  (RTCM  SC-104)[3].  Currently,  the  Coast 
Guard  operates  numerous  DGPS  broadcasts  in  the  Marine 
Beacon  Band  (MBB)  in  prototype  form,  from  New 
Hampshire  to  Texas  and  California,  with  other  transmitters 
operating  along  the  Mississippi  in  a  joint  venture  with  the 
Army  Corps  of  Engineers. 

Due  to  the  rapid  development  and  relatively  recent 
emergence  of  DGPS  as  a  navigational  technology,  there  have 
been  few  detailed  studies  that  measured  receiver 
characteristics  in  the  presence  of  noise  and  signal 
interference.  Performing  such  tests  is  not  a  trivial  task,  since 
a  signal  testing  facility  is  required.  While  several  DGPS 
beacons  are  transmitting  corrections  as  part  of  the  prototype 
system,  control  of  the  signal  required  for  testing  purposes  is 
ifficult  to  obtain.  Many  of  the  transmitter  sites  are  remotely 
located;  additionally,  a  method  of  generating  signals  whose 
content  is  known  in  advance  precludes  the  use  of  these 
prototype  transmissions,  since  they  are  transmitting  real-time 
correction  data. 

Due  to  the  difficulties  with  performing  such  tests,  and  the 
need  to  validate  USCG  DGPS  broadcast  parameters,  the 
Coast  Guard  R&D  Center  was  directed  to  utilize  existing 
equipment  and  facilities,  suited  to  these  types  of  tests,  to 
determine  MSK  receiver  performance  characteristics.  There 
were  three  main  areas  of  interest 

The  first  area  was  the  ability  of  a  receiver  to  detect  signals  at 
significant  distances  from  the  transmitter  site  in  the  presence 
of  atmospheric  noise.  The  second  area,  closely  related  to  the 
first,  was  the  susceptibility  of  MSK  receivers  in  general  to 
atmospheric  noise,  even  in  the  presence  of  a  strong  MSK 
transmitter.  The  third  area  of  interest  was  the  vulnerability  of 
MSK  receivers  to  man-made  signal  interference,  either  from 


unintentional  carrier  interference  or  intentional  DGPS 
broadcast  signal  jamming  efforts. 

The  R&D  Center  purchased  four  types  of  commercial  off- 
the-shelf  (COTS)  DGPS  MSK  receiver  models.  These 
receivers  represented  a  range  of  features,  capabilities,  and 
demodulation  techniques.  Since  the  receivers  were  already 
being  manufactured  in  large  numbers,  the  Coast  Guard  had 
some  concerns  about  the  existing  designs  of  COTS  units. 
When  the  final  DGPS  implementation  plan  underwent 
modifications  in  1991  and  1993,  the  R&D  Center  was 
directed  to  look  at  the  capabilities  of  all  of  the  receivers 
under  the  modified  broadcast  parameters,  in  addition  to  the 
original  request  of  determining  susceptibility  to  atmospheric 
noise  and  man-made  signal  interference.  This  final  plan 
eliminated  receiver  to  receiver  comparison  in  fevor  of 
absolute  performance  determination  against  an  ideal  receiver 
that  was  impervious  to  all  interference  and  noise. 

EQUIPMENT 


Block  diagram  of  test  setup 


Tests  1,3 


Figure  1 

For  this  testing,  control  of  signal  frequency,  bit  rate,  and  data 
content  was  required.  The  first  two  tests.  Bit  Error  Rate 
(BER)  and  Interference/Jamming  (INTJAM),  required  the 
creation  of  a  repetitive  loop  of  MSK  data;  this  enabled  actual 
bit  error  rates  ^ER)  to  be  determined  from  the  data  output 
by  the  receiver.  A  loop  size  of  one  message  containing  four 
RTCM  30  bit  words  was  selected  as  an  optimum  pattera 
This  equated  to  a  loop  size  of  120  bits.  The  program  that 
created  the  RS-232  data  for  this  was  written  in  Borland  C, 
and  was  run  on  a  Zenith  8088  laptop  computer.  The  third 
test.  Message  Throughput/Navigation  Accuracy  (MTNA), 
required  the  generation  of  real-time  DGPS  corrections. 
Ashtech  Z-12  reference  stations  were  used  at  the  main  RDC 
building  to  generate  this  information. 
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MSK  modulators  that  converted  the  RS-232  data  to  MSK 
signals  at  the  desired  frequencies  were  used  in  all  three  tests. 
The  modulator  was  based  upon  a  design  originally  created  by 
the  R&D  Center  in  1989,  and  used  direct  digital  synthesis  to 
create  the  MSK  signal  For  the  third  test,  modulators  within 
the  Ashtech  reference  stations  were  used  to  generate  the 
MSK  signals. 

The  MSK  signal  was  transmitted  ly  using  a  Nautel  Marine 
Beacon  Band  (MBB)  radio  beacon  amplifier.  This  amplifier 
is  the  standard  used  at  Coast  Guard  radio  beacon  sites.  It  is  a 
wide-band  class  A  amplifier,  with  a  maximum  forward 
power  of  100  watts.  This  amplifier  was  the  same  used  1^ 
Enge  in  field  testing  in  New  Orleans[4]. 

Antenna  design  for  this  testing  presented  a  number  of  unique 
challenges.  The  final  antenna  design  for  the  BER  and 
MTNA  tests  was  a  ten-tum  rectangular  loop,  with 
dimensions  of  4'  x  16'  mounted  on  the  R&D  Center  roof, 
orientated  in  the  y-z  plane,  with  the  anteima  plane 
orthogonal  to  the  receiving  site.  Due  to  the  high  S  WR  of  this 
design,  input  power  was  kept  to  a  minimum;  in  spite  of  this, 
there  was  sufficient  signal  strength  at  the  receiving  hut  to 
replicate  the  desired  MSK  beacon  signal  strength. 

For  the  INTJAM  tests,  antenna  modification  was  required.  A 
much  stronger  signal  was  needed  at  the  receiving  hut;  a 
traveling  wave  antenna,  approximately  250  feet  in  length, 
served  as  a  much  more  efficient  radiator,  typical  SWR  values 
were  3;1,  and  for  a  forward  power  of  5  watts,  the  reflected 
power  was  only  2  watts. 

Due  to  the  electromagnetic  noise  at  the  R&D  Center  (from 
computers  and  other  electrical  equipment),  a  remote  location 
was  selected  for  MSK  receiver  placement.  At  this  location, 
an  enclosed  housing  made  of  fiberglass  and  measuring 
20'xl0'xl0'  was  utilized  to  store  the  receivers.  The  building 
had  120VAC  power,  and  air-conditioning/heating  for 
climate  control.  To  further  reduce  non-atmospheric  noise  at 
the  receiver  location,  laptop  computers  with  LCD  screens 
were  selected  to  record  data  and  control  the  receivers;  linear 
DC  power  supplies  for  the  equipment  were  incorporated;  and 
incandescent  lighting  was  used  instead  of  fluorescent 
lighting.  The  result  was  a  receiving  location  that  had  a  noise 
floor  30  dBm  lower  that  the  main  R&D  Center  building. 

The  MSK  radio  beacon  receiver  whip  antennas  and  their 
respective  couplers  were  mounted  on  the  top  of  the  fiberglass 
enclosure.  Each  antenna  was  attached  to  the  top  of  a 
vertically  mounted  piece  of  four  foot  long  1"  ODE  pipe. 
Each  antenna  was  kept  at  least  three  feet  apart  from  the 
others.  Whip  antennas  were  selected  for  use  during  the 
testing  in  order  to  permit  equitable  comparisons  among  the 
units. 


For  the  MTNA  tests,  real-time  calculation  of  radial  error 
^E)  was  required.  This  necessitated  a  GPS  receiver  at  the 
receiving  site,  along  with  a  surveyed  antenna  that  would 
allow  navigation  error  calculations  to  be  performed.  A 
location  was  chosen  on  the  roof  of  the  receiving  site  building, 
and  its  position  was  surv^ed  using  Ashtech  surveying 
algorithms. 

The  MSK  signal  used  in  the  tests  was  adjusted  to  simulate 
reception  at  the  fiinge  of  beacon  coverage.  Coast  Guard 
MBB  radio  beacons  have  adjustable  power  output  levels; 
each  beacon  is  set  up  to  provide  a  specific  coverage  range 
over  sea  water.  The  b^con  coverage  is  defined  ly  the 
signal's  field  strength,  in  microvolts  per  meter,  at  a  specified 
distance,  in  nautical  miles  (NM).  The  Montauk  Point  radio 
beacon,  for  example,  has  a  ^)ecified  transmitted  field 
strength  of  75  microvolts  per  meter  at  a  distance  of  150  NM 
This  range  is  typically  referred  to  as  the  "edge  of  coverage." 

A  Field  Intensity  Meter  (FIM)  was  used  to  take  field  strength 
measurements  of  Montauk  Point  at  the  receiving  locatioa 
These  values  were  averaged  and  compared  to  the  spectrum 
analyzer  signal  measurement  of  the  Montauk  Point  beacon, 
in  (fcm  at  the  output  of  the  antenna  coupler  of  the  model 
DlOO  receiver.  A  mathematical  relationship  between  the 
q)ectnun  analyzer  and  the  FIM  measurements  at  the 
receiving  site  was  thus  established.  With  this  information, 
the  output  power  of  the  local  signal  was  adjusted  until  the 
appropriate  signal  level  on  the  qpectrum  analyzer 
corresponded  to  a  FIM  measurement  of  75  microvolts  per 
meter. 

Data  recording  eqiupment  at  the  receiving  location  included 
laptop  286  series  CPUs,  in  conjunction  with  software 
developed  by  the  R&D  Center,  to  control  the  MSK  receivers 
and  to  correlate  the  known  fixed  RTCM  data  pattern  to  the 
data  stream  received  by  the  receivers.  Correlation  was 
performed  tty  shifting  the  known  data  pattern  loop  and 
performing  bit  comparisons  (exclusive  OR)  with  the  received 
data  bits.  Statistics  on  the  receiver  data  ouq)ut  were  collected 
in  a  log  file,  and  included  the  total  number  of  bits  received 
and  incorrect  bits.  In  addition,  the  log  fiile  contained  totals 
for  received  RTCM  words  and  RTCM  messages,  along  with 
receiver  performance  statistics  (SS  and  SNR).  Bit  error  event 
data  was  stored  in  a  bit  error  file.  This  file  contained  the 
date,  time,  and  location  in  the  message  of  every  bit  error 
occurrence.  These  two  data  files  provided  sufficient 
information  to  allow  post-processing  and  analysis  of  receiver 
performance. 

For  the  MTNA  testing,  real-time  radial  error  measurements 
were  required;  after  setting  up  the  Ashtech  reference  stations 
at  the  main  R&D  Center  building,  Ashtech  Ranger  receivers 
with  a  single  surv^ed  antenna  at  the  receiving  hut  were 
established.  Using  specialized  software  developed  by  the 
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R&D  Center  for  integrity  monitoring,  termed  Reference 
Station  Monitor  (EtSM),  DGPS  correction  age  and  radial 
error  were  recorded  in  real  time  to  a  log  file.  This  correction 
age  information  was  later  used  during  data  throughput  tests 
to  determine  the  obtainable  navigation  accuracy  in  the 
presence  of  atmospheric  noise  data  collected  during  the  BER 
tests.  Tables  of  radial  error  versus  message  age  for  RTCM 
message  types  1  and  9-3  were  created  fi'om  the  RSM  data; 
these  tables  were  formed  by  using  MATLAB  and  a  least- 
mean-squares  matrix  algorithm  to  interpolate  and  curve-fit 
the  RSM  data. 

For  the  INTJAM  tests,  additional  specialty  equipment  was 
required.  A  Hewlett-Packard  HP-8904  fi-equency  tynthesizer 
was  used  to  generate  the  CW  interference  signal;  specialized 
QuickBasic  code  was  developed  to  control  the  HP-8904A 
and  record  signal  levels  in  a  log  file. 

TEST  DESIGN 


have  distinct  advantages  over  Type  1  messages  in  the 
presence  of  atmospheric  noise[4].  The  current  USCG  DGPS 
implementation  plan  calls  for  all  trarrsmissions  to  be  done 
using  RTCM  Type  9-3  message  formats. 

With  the  data  files  collected  in  the  BER  test,  some  additional 
analysis  vras  made  regarding  the  ability  of  specific  message 
types  at  certain  speeds  to  "pass  through"  the  noise  during 
static  impulse  lulls,  and  thus  reach  the  receiver.  By  post¬ 
processing  the  data  and  examining  the  time  periods  between 
bit  losses,  a  calculation  was  made  in  terms  of  message 
throughput.  With  this  information,  a  determination  of 
navigation  position  radial  error  was  performed.  Over  a  given 
period  of  time,  comparisons  between  RTCM  message  types 
and  MSK  bit  rates  were  made,  and  conclusions  were  drawn 
about  signal  parameters  rmder  varying  atmospheric  noise 
conditions. 

Interference/Jamming 


Bit  Error  Rate 

The  purpose  of  the  Bit  Error  Rate  (BER)  test  was  to 
determine  receiver  susceptibility  to  atmospheric  noise.  This 
test  examined  the  effect  of  hi^  atmospheric  noise  on  data 
throughput  at  the  bit  level,  using  bit  error  rates  detected  at 
the  receivers.  Data  throughput  was  examined  as  differences 
between  the  four  different  receivers,  and  differences  for  any 
given  receiver  between  receiving  data  at  100  BPS  vs.  200 
BPS.  This  test  of  the  bit  error  rates  set  the  stage  for  the  next 
set  of  tests  which  examined  which  message  types  (Type  1  or 
Type  9-3)  might  do  better  in  times  of  high  atmospheric 
noise. 

Due  to  the  real-world  setting  and  the  inabiUty  to  control 
atmospheric  noise,  a  "shotgun  approach"  to  data  collection 
was  Men;  testing  was  conducted  on  approximately  40  days 
during  the  summer  and  fall  of  1993  and  1994,  rq)resenting 
more  than  500  hours  worth  of  data  collection  in  order  to 
achieve  a  broad  spectrum  of  samples.  From  this  large 
collection,  six  days  were  selected  as  a  representative  of 
atmospheric  conditions  fi'om  relatively  quiet  to  extremely 
noisy.  Receiver  signal-to-noise  ratio  (SNR)  values  factored 
into  the  selection  of  the  six  days.  Samples  which  had 
significant  atmospheric  noise  were  chosen  for  analysis. 

Message  type  -  navigation  accuracy 

The  purpose  of  this  test  was  to  examine  the  effect  of  high 
atmospheric  noise  on  the  throughput  of  two  message  types 
(Type  1,  Type  9.3)  being  broadcast  at  different  speeds  (100 
BPS,  200  BPS)  to  gain  insight  into  the  relationship  between 
these  variables  and  navigational  accuracy/performance. 
Previous  calculations  and  field  trials  conducted  by  Enge  have 
shown  that  RTCM  Type  9  messages,  in  spite  of  reduced  data 
transmission  efiSciency  and  increased  clock  complexities. 


The  purpose  of  the  Interference-Jamming  (INTJAM^  test 
was  to  look  at  COTS  receiver  technology  in  terms  of 
susceptibility  to  man-made  signal  interference.  This  was 
done  by  broadcasting  two  MSK  signals  with  the  same  data 
on  different  fi'equencies;  one  signal  would  be  the  control,  and 
the  other  would  suffer  fi'om  intentional  interference  attempts, 
conducted  by  a  controlled  CW  carrier.  By  collecting  bit  hit 
statistics  in  real  time  and  comparing  the  data  to  information 
about  the  CW  interference  carrier,  conclusions  were  made 
regarding  the  susceptibility  of  MSK  receivers  to  man-made 
interference. 

For  this  test,  two  MSK  signals  were  used;  the  first  on  316.5 
kHz,  served  as  the  "victim"  of  interference  by  the  jammer. 
The  second  MSK  signal,  at  313.5  kHz,  fimctioned  as  the 
control  of  the  experiment 

ANALYSIS  AND  DISCUSSION  BY  TEST 

Bit  Error  Rate 


Receiver  F  Averaged  Bit  Error  Rate  at 


Date/GMT  Time 

Figure  2 
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The  first  step  in  the  analysis  was  to  graph  the  average  bit 
error  rates  for  the  24  hour  period  of  the  test  (an  example  of 
the  graphs  used  for  comparison  are  shown  in  Figures  2  and 
3).  Graphs  were  produced  at  100  and  200  BPS  for  each 
receiver  type  for  each  day.  The  graphs  show  a  discernible 
difference  in  performance  between  receivers,  as  well  as 
between  transmission  rates. 

With  this  anecdotal  evidence,  a  set  of  Analyses  of  Variance 
(ANOVA)  was  performed  on  the  data.  ANOVA  is  a  form  of 
hypothesis  testing  which  allows  testing  for  several  means, 
and  was  used  here  to  determine  if  there  were  statistically 
significant  differences  in  the  bit  error  rates  detected  between 
the  four  different  receivers.  ANOVAs  were  performed  for 
the  four  receivers  at  both  the  100  BPS  and  200  BPS  levels 
for  each  day  of  the  sample.  The  results  concurred  with  the 
anecdotal  graph  evidence,  showing  a  significant  difference 
between  the  receivers  for  detected  bit  error  rates. 


Receiver  F  Averaged  Bit  Error  Rate  at 
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Figure  3 

The  next  step  was  to  perform  a  set  of  T-test  to  determine  if 
there  was  a  significant  difference  between  the  bit  error  rates 
detected  by  each  receiver  at  100  BPS  vs.  200  BPS  for  each 
day  of  the  sample.  T-tests  are  a  form  of  hypothesis  testing, 
and  were  used  here  to  determine  if  the  differences  between 
data  collected  from  the  same  receiver  type  at  different 
transmission  rates  were  statistically  significant.  Once  again, 
the  T-test  confirmed  the  anecdotal  evidence,  in  general 
showing  the  difference  to  be  statistically  significant. 

On  most  of  the  days  tested,  the  majority  of  receivers 
performed  better  at  100  BPS  than  at  200  BPS.  On  one  of  the 
days,  where  there  was  a  sustained  period  of  low  atmospheric 
noise  followed  by  a  period  of  high  atmospheric  noise,  half  of 
the  receivers  showed  no  significant  difference  in 
performance  between  the  100  BPS  and  200  BPS.  It  was 
hypothesized  that  the  sustained  period  of  low  noise 
’’swamped”  the  effects  of  transmission  rate  during  the  higher 
noise.  A  second  set  of  T-tests  were  performed  for  that  day, 
splitting  out  the  time  of  high  atmospheric  noise,  and  once 
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again,  all  receivers  performed  better  at  100  BPS  than  at  200 
BPS. 

This  provided  some  insight  into  how  the  receivers  tested  are 
impacted  by  high  atmospheric  noise  when  receiving  data  at 
either  100  BPS  or  200  BPS.  Additionally,  it  suggests  how 
these  same  variables  may  affect  navigational  accuracy.  The 
next  set  of  test  were  designed  to  examine  this  question. 

Message  type 

Once  again,  the  initial  step  was  to  graph  the  message  types  at 
100  BPS  and  200  BPS  for  each  receiver  type  for  each  day. 
The  graphs  indicated  a  discernible  difference  in  performance 
between  message  types,  as  well  as  between  transmission 
rates. 

Next,  sets  of  T-tests  were  run  to  determine  if  the  differences 
detected  between  samples  of  different  broadcast  speed  (100 
vs.  200  BPS)  and  message  type  (Typo  1  vs.  l^pe  9-3)  were 
statistically  significant.  The  T-test  concurred  with  the 
anecdotal  graphical  evidence,  showing  the  differences  to  be 
statistically  significant 

Finally,  graphs  were  constructed  that  compared  radial  error 
over  time  for  specific  message  types  and  bit  rates..  One 
sample  of  data  is  shown  here.  This  period  of  time  was 
characterized  by  significant  BER  values  due  to  relatively 
high  atmospheric  noise.  Figure  4  shows  a  comparison  of 
radial  error  over  time  for  message  types  1  and  9-3  at  100 
BPS.  From  this  information,  we  can  state  that  for  signals  at 
100  BPS,  the  optimum  messaging  algorithm  is  type  9-3. 


Radial  Error  vs*  Time,  Day  292  Rcvr  C 


Figure  4 


Figure  5  shows  a  comparison  of  radial  error  over  time  for 
message  types  1  and  9-3  at  200  BPS.  From  this  information 
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we  can  state  that  for  signals  at  200  BPS,  the  optimum 
messaging  algorithm  is  also  ^pe  9-3. 


Radial  Error  vs.  Time,  Day  292  Rcvr  C 
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Figures 

Figure  6  compares  the  radial  error  over  the  same  time  period 
for  100  BPS  and  200  BPS  for  message  type  9-3.  This  data 
indicates  that  200  BPS  is  a  better  data  rate  for  type  9-3.  This 
is  interesting,  and  suggests  that  perhaps  all  transmissions 
should  be  done  at  200  BPS  for  type  9-3.  However,  there  are 
mitigating  circumstances  such  as  location  and  nominal 
range  of  the  beacon,  as  well  as  the  beacon’s  intended  users. 
One  example  is  whether  the  beacon  is  designed  to  provide 
service  to  a  nearby  high-traffic  shipping  lane  like  New  York 
Harbor  (which  has  a  beacon  at  Sandy  Hook,  NJ  transmitting 
at  200  BPS),,  or  for  harbor  and  harbor  approach  navigation 
other  than  high-traffic  areas  over  a  larger  geographic  area, 
such  as  Long  Island  Sound  (which  has  a  beacon  at  Montauk 
Point,  NY  transmitting  at  100  BPS), 

These  tests  do  confirm  the  earlier  research  finding  that  the 
optimum  message  type  for  DGPS  corrections  is  type  9-3  at 
a  transmission  rate  of 200  BPS. 


Interference/iamming 

Five  tests  were  conducted  to  ascertain  susceptibility  to  signal 
interference.  The  specifics  of  each  test  are  shown  in  Table  1. 
All  tests  used  313.5  kHz  as  the  control  (labeled  Ctl),  and 
316.5  kHz  as  the  variable  (labdcd  Int).  The  control  and 
variable  signal  strengths  varied  within  a  few  points  of  -56 
dBm  due  to  varying  humidity  and  rainfall  at  the  testing  site. 
The  starting  and  ending  voltages  (V)  were  selected  in  an 
attempt  ensure  a  weak  signal  to  begin  with,  and  a  sufficiently 
strong  signal  to  produce  interference. 

The  graphs  presented  here  are  for  two  representations  of  the 
data.  The  first  graph  shows  message  count  as  a  function  of 
various  jammer  parameters;  total  messages  and  bad 
messages  at  each  jammer  fi-equency  and  jammer  signal  level 
are  indicated  as  time  progressed  in  the  test.  The  second 
graph  shows  SNR  as  a  fimction  of  time  during  the  test,  with 
jammer  signal  levels  at  progressing  frequencies  also  plotted. 

Test  1  was  used  to  confirm  proper  operation  of  the  apparatus, 
and  to  do  an  early  detection  of  possible  "jammmg 
weaknesses”  by  the  MSK  receivers.  At  no  point  did  the 
jammer  signal  level  equal  or  exceed  the  MSK  signal  in  Test 
1.  The  frequency  range  covered  the  upper  half  of  the  3 16.5 
kHz  signal,  but  at  widely  spaced  sampling  points.  The  results 
showed  no  apparent  effects  upon  MSK  signal  reception  by 
the  jammer. 
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Table  1 


Test# 

Intfreq 

dBm 

Qlfieq 

dBm 

Start  V(dBm) 

E«iV(dBm) 

Step  (dBm) 

Start  f  (kHz) 

Enif(ktfe) 

Step(kEfe) 

1 

316.5 

313.5 

-80 

-6Q 

2.5 

318 

316.5 

0.1 

2 

316.5 

-58 

ma 

-80 

-60 

2.5 

316.52 

0.001 

3 

mm 

-54.5 

313.5 

-54 

-80 

-60 

2.5 

316.52 

0.001 

4 

-56.8 

313.5 

-57.1 

-72 

-51.6 

2 

316.527 

316.523 

0.001 

5 

316.5 

-56.8 

313.5 

-57.1 

-72 

-51.6 

2 

316.523 

0.0005 

Test  2,  with  Test  3  as  a  revalidation,  was  guided  by  a 
hypothesis  that  the  MSK  signal  is  most  vulnerable  to 
interference  at  its  upper  and  lower  shift  frequencies  (316525 
Hz  and  316475  Hz  for  a  100  BPS  signal).  For  this  test,  the 
jammer  frequency  was  run  from  316530  to  316520  Hz, 
Figure  6  shows  the  performance  of  receiver  A  in  comparison 
to  its  control 


Test  2  Message  Count,  Rcvr  A  313500 


Interferer  Frequency  (Hz) 


TOTAL  MSGS  . BAD  MSGS 


Figure? 

While  there  are  some  messages  that  are  bad  (did  not  make  it 
through  to  the  receiver),  there  is  no  apparent  correlation 
between  jammer  signal  strength,  jammer  frequency 
proximity  to  316525  Hz,  and  bad  bit  counts.  This  behavior 
was  repeated  by  the  other  receiver  types.  Figure  7  shows  the 
performance  for  receiver  A  at  313500  Hz.  Figure  8  is  for 
receiver  A  at  316500  Hz,  Again,  a  couple  of  the  messages 
did  not  make  it  through,  but  there  is  no  apparent  correlation 
to  janmier  frequency  or  signal  strength. 

Test  4,  with  Test  5  as  a  validation,  was  conducted  using 
jammer  signal  levels  ranging  from  relatively  weak  to 
noticeably  stronger  than  the  MSK  signal.  These  tests 
produced  some  very  interesting  results. 


Test  2  Message  Count,  Rcvr  A  316500 
Hz 


Interferer  Frequency  (Hz) 


TOTAL  MSGS  . "BAD  MSGS 


Figure  8 

The  control  at  313.5  kHz  did  not  lose  any  messages  during 
the  test.  The  316.5  Idlz  signal,  however,  did  suffer 
catastrophic  message  losses  whenever  the  jammer  reached  its 
peak;  in  this  test,  the  jammer  went  from  15  dBm  below  to  5 
dBm  above  the  MSK  signal 


Test  5  Message  Count,  Rcvr  F  313500  Hz 


TOTAL  MSGS  . BAD  MSGS 


Figure  9 
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This  evidence  is  shown  quite  vividly  in  Figures  9  and  10. 
Clearly,  what  messages  did  get  through  (and  the  count  was 
reduced)  were  almost  all  lost  This  behavior  of  message  loss 
was  repeated  almost  exactly  the  same  for  all  four  receivers, 
with  greatest  vulnerability  shown  at  jammer  frequencies  of 
316.5260  kHz  and  316.5255  kHz.  This  data  indicates  that 
the  receivers  are  susceptible  to  jamming  in  the  presence  of 
strong  signals,  even  when  those  signals  may  be  up  to  5  Hz 
away  from  the  "critical  shift  frequency."  These  results  tend 
to  contradict  those  of  Test  2  and  Test  3;  however,  the 
atmospheric  noise  in  Tests  2  and  3  was  more  significant  that 
the  interference  from  the  jamming  signal,  due  to  strong 
summer  storms.  Therefore,  Tests  2  and  3  neither  contradict 
nor  support  the  ‘Vulnerable  frequenq^”  hypothesis. 


Test  5  Message  Count,  Rcvr  F  316500  Hz 


TOTAL  MSGS  - BAD  MSGS 


Figure  10 

There  is  an  interesting  phenomenon  that  was  observed 
during  the  testing,  shown  in  Figures  11  and  12.  These 
Figures  compare  SNR  over  time  for  316500  Hz  and  313500 
Hz  as  the  jammer  steps  through  quantized  signal  levels,  then 
progresses  through  frequency  samples. 


Test  5  SNR,  Rcvr  C  313500  Hz 


Test  5  SNR,  Rcvr  C  316500  Hz 


These  Figures  compare  SNR  over  time  between  316500  Hz 
and  313500  Hz  as  the  jammer  steps  through  quantized 
signal  levels,  then  progresses  through  frequency  samples.  In 
the  3 16500  Hz  receiver,  the  SNR  was  significantly  degraded, 
particularly  in  the  vicinity  of 3 16525  Hz. 

In  the  316500  Hz  receiver,  the  SNR  was  significantly 
degraded,  particularly  when  the  jammer  was  in  the  vicinity 
of  316525  Efe.  However,  even  though  the  control  receiver 
did  not  lose  any  messages,  its  SNR  was  also  degraded.  While 
the  degradation  for  the  control  was  not  as  much,  it  is 
substantial  and  would  make  a  difference  if  the  MSK  signal  at 
313.5  kHz  was  weaker.  This  behavior  was  replicated  by  all 
receivers,  and  may  be  attributable  to  one  of  two  fectors.  First, 
there  is  the  possibility  of  receiver  front-end  overload  due  to 
the  test  setup.  This  is  unlikely,  given  that  SNR  plots  for  Tests 
1  through  3  showed  no  decrease  in  SNR  for  the  receiver  at 
313.5  kHz,  but  the  receiver  at  316.5  kHz  did  have  a 
degraded  SNR  as  expected.  The  more  plausible  explanation 
is  that  this  is  due  to  a  tendency  by  the  receivers  to  suffer  from 
adjacent  charmel  interference  or  intermodulation  effects, 
even  when  the  jammer  signal  is  several  kHz  away. 

CONCLUSIONS 

The  data  shows  that  all  the  tested  units  can  receive  MSK 
signals  under  the  proposed  USCG  broadcast  parameters.  In 
the  presence  of  atmospheric  noise,  message  type  9-3  had  an 
advantage  over  type  1  in  the  presence  of  atmospheric  noise; 
this  agrees  with  predicted  results. 

With  regard  to  interference  from  other  CW  signals,  all 
receivers  demonstrated  similar  vulnerability,  in  particular, 
very  strong  jammers  had  an  effect  upon  MSK  signal 
reception,  even  when  the  jammer  frequency  was  several  kHz 
away  from  the  MSK  frequency. 
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This  research  examined  a  broad  topic  of  issues  regarding 
MSK  receiver  performance.  We  recommend  that  additional 
research  should  be  conducted  into  the  area  of  jamming.  This 
topic  is  worthy  of  fiuther  investigation,  and  holds  major 
implications  as  the  USCG  DGPS  broadcast  network  nears 
completion. 
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ABSTRACT 

The  synchronous  and  asynchronous  RCTM  message  Types 
1  and  9,  respectively,  which  can  be  generated  using  either 
code  or  carrier  phase  smoothed  code,  are  used  in  single 
differencing  mode  to  obtain  DGPS  positions.  Types  18-21 
messages  contain  carrier  phase  and  range  measurements  and 
corrections  thereof  which  can  be  used  in  double  differencing 
mode.  In  the  latter  case,  two  options  are  possible,  namely 
integer  ambiguity  resolution  on  the  fly  if  dual-frequency 
data  is  available,  or/and  ambiguity  float  solution  if  only  LI 
data  is  available.  The  results  of  an  investigation  performed 
to  analyse  the  accuracy  performance  achievable  using  both 
Type  1/9  and  Types  18-21  with  the  ambiguity  float  option 
are  described.  In  order  to  assess  the  impact  of  the  receiver 
technology  used,  three  all-in-view  receiver  Types  were 
tested,  namely  standard  wide  correlator  C/A  code.  Narrow 
Correlator^  C/A  code  and  Super  C/A  code/Yl/Y2 
semicodeless.  Extensive  land  tests  with  reference  station- 
remote  separations  of  over  400  km  and  airborne  and 
shipbome  trials  were  used  to  generate  and  intercompare 
DGPS  positions  using  the  approaches  and  equipment 
described  above.  The  data  was  post-processed  and  time 
latencies  of  5  to  25  seconds  were  successively  introduced  to 
analyse  corresponding  effects  on  accuracy  performance. 
While  a  horizontal  accuracy  of  5  m  (95th  percentile)  required 
by  the  Canadian  Coast  Guard  was  met  by  all  receivers  and 
all  methods,  it  was  found  the  the  ambiguity  float  method 
implemented  using  Types  18-21  messages  produced  better 
positioning  results  in  most  cases,  namely  1  m  (horizontal  - 
95th  percentile)  for  distances  between  the  reference  station 
and  remote  in  excess  of  100  km  and  50  cm  for  distances  less 
than  100  km,  assuming  latencies  of  up  to  15  seconds. 

INTRODUCTION 

Two  classes  of  protocols  have  been  defined  by  the  Radio 
Technical  Commission  for  Maritime  Services  (RTCM) 
Special  Committee  (SC)  No.  104  for  the  real-time 
transmission  of  GPS  data  from  a  reference  station  to  a 
remote  station  to  generate  differentially  corrected  positions 
at  the  remote  [RTCM  1994]. 


The  first  class,  which  encompasses  message  Types  1  and  9, 
generates  differential  range  and  range  rate  corrections.  These 
are  generated  using  either  code  or  carrier  phase  smoothed 
code  measurements.  If  Type  1  is  used,  the  reference 
generation  time  is  the  same  z-count  (synchronous).  Due  to 
unavoidable  time  delays  caused  by  firmware  and  data 
transmission  limitations,  the  corrections  are  received  at  the 
remote  with  a  latency  of  typically  a  few  to  several  seconds 
and  the  range  rate  correction  is  used  to  predict  the  range 
correction  for  the  current  epoch.  In  order  to  minimize 
delays,  the  corrections  can  also  be  generated  and  transmitted 
for  each  satellite  as  fast  as  the  firmware  permits.  In  this 
case,  however,  the  reference  z-count  is  not  the  same 
(asynchronous)  for  all  satellites  and  message  Type  9  is  used 
to  transmit  this  Type  of  data.  A  major  advantage  of 
message  Types  1  and  9  is  a  relatively  low  transmission  rate 
requirement  of  50  to  100  bps  (bits  per  second).  The 
message  Type  is  also  tolerant  to  correction  reception 
outages  at  the  remote  because  the  latest  range  rate  received 
can  be  used  to  predict  the  differential  range  correction  for  the 
current  epoch.  The  resulting  accuracy  degradation  is 
significant  however  and  compounds  the  nominal  latency 
effect.  The  between-receiver  single  difference  method  is  used 
in  conjunction  with  Types  1  and  9. 

The  second  class  of  messages,  namely  Types  18-21, 
transmits  either  raw  code  and  carrier  phase  measurements 
(Types  18-19)  or  related  code  and  carrier  phase  corrections 
(Types  20-21)  which  enable  the  remote  to  reconstruct  raw 
code  and  carrier  phase  observations.  The  detailed  message 
formulation  and  related  advantages  and  limitations  are 
described  in  [RTCM  1994].  The  interval  at  which  the 
measurements  are  transmitted  is  user-selectable  but  is 
constrained  by  the  data  link  and  firmware  used;  the 
transmission  rate  requirement  is  typically  above  1,000  bps 
if  the  code  and  carrier  phase  measurements  are  transmitted 
every  second.  With  the  availability  of  the  raw  reference 
code  and  carrier  phase  measurements  at  the  remote,  the 
double  difference  method  can  be  used  to  process  the 
measurements.  If  dual-frequency  observables  are  available, 
the  integer  ambiguities  can  be  resolved,  resulting  in  a  so- 
called  class  of  RTK  (Real  Time  Kinematic)  systems. 
Successful  integer  ambiguity  resolution  is  however 
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sensitive  to  many  parameters,  with  the  distance  from  the 
reference  station  and  uninterrupted  reception  of  reference  data 
being  two  critical  ones,  as  demonstrated  by  a  variety  of 
investigators  [e.g.,  Lachapelle  et  al  1992,  Chen  & 
Lachapelle  1995]  The  alternative  is  to  use  the  ambiguity 
float  solution,  which  is  described  in  the  next  Section.  In 
this  case,  LI  measurements  are  sufficient,  and  the  distance 
from  the  reference  station  is  no  longer  critical.  The  method 
is  also  somewhat  tolerant  to  data  reception  interruptions. 
These  advantages  however  come  at  the  cost  of  a  significant 
accuracy  degradation.  The  actual  accuracy  achievable  will  be 
a  function  of  receiver  characteristics,  processing  method  and 
other  operational  factors  such  as  the  distance  from  the 
reference  station  which  will  still  affect  the  magnitude  of 
differential  atmospheric  corrections. 

The  two  major  objectives  of  this  investigation  are  to 
intercompare  the  accuracy  performance  of  both  classes  of 
message  Types  and  to  quantify  the  effect  of  receiver 
selection  on  accuracy. 

The  WGS84  coordinates  of  the  reference  station  are  required 
to  generate  the  differential  corrections  and  to  calculate  the 
DGPS  position  of  the  remote.  Reference  coordinate  errors 
will  result  in  remote  DGPS  coordinate  distortions  due  to 
non-linearity  effects.  Another  objective  is  to  quantify  the 
magnitude  of  these  distortions. 

METHODOLOGY 

Processing  Approaches 

Message  Types  1  and  9  were  tested  using  a  between-receiver 
single  difference  approach  which  can  be  written  as 

Ap=  Ap  +  e(Ap)  (1) 

if  one  neglects  the  effects  of  differential  orbital  and 
atmospheric  errors.  Ap  is  the  differential  pseudorange  or 
carrier  phase  smoothed  pseudorange  formed  at  the  remote, 
Ap  is  the  correct  but  unknown  differential  range  which 
contains  the  unknown  coordinates  of  the  remote  and  e(Ap) 
is  the  error  term  which  includes  receiver  noise  and 
multipath.  The  use  of  both  raw  and  carrier  phase  smoothed 
pseudoranges  was  tested.  The  recursive  algorithm  employed 
to  smooth  pseudoranges  consists  of  two  parallel  filters 
operating  simultaneously  on  each  satellite.  The  DGPS 
positions  were  derived  using  the  C^NAV™  software  which 
employs  a  least-squares  algorithm  [e.g..  Cannon  & 
Lachapelle  1992]. 

Each  data  set  was  first  post-processed  with  no  (0  second) 
latency  to  assess  the  accuracy  performance  achievable  in 
post-mission  and  to  obtain  a  reference  solution  against 
which  to  assess  solutions  obtained  with  various  latency 
effects.  Latencies  of  5  to  25  seconds  were  tested  by 
delaying  the  data  generated  at  the  reference  station  by  such 
an  offset.  For  each  latency  tested,  the  same  time  offset  was 


equally  applied  to  each  satellite  pseudorange.  This  implies 
the  use  of  message  Type  1  and  the  worst  case  of  Type  9. 
The  latency  tests  are  therefore  valid  for  both  message  Types 
if  a  conservative  approach  is  used.  For  the  purpose,  the  two 
message  Types  will  be  referred  to  as  Type  1/9. 

Message  Types  18-20  were  tested  using  a  double  difference 
approach  which  can  be  written  as  follows  for  pseudorange 
and  carrier  phase  observables: 

VAp  =  VAp  +  e(VAp)  (2a) 

VAO  =  AVp  +  UVN  +  e(AV«I>)  (2b) 

if,  again,  one  neglects  the  effects  of  differential  orbital  and 
atmospheric  errors.  VAp  is  the  correct  but  unknown  double 
difference  range  which  contains  the  unknown  coordinates  of 
the  remote,  AVN  is  the  double  difference  integer  ambiguity 
term,  and  e(VAp)  and  e(AVd>),  the  pseudorange  and  carrier 
phase  errors,  respectively.  Since  e(AV‘I>) «  e(VAp),  it  is 
advantageous  to  use  carrier  phase  measurements  despite  the 
presence  of  the  ambiguity  term.  If  n  satellites  are  observed 
simultaneously  at  both  receivers,  there  are  n-1  ambiguities. 
When  the  integer  ambiguities  can  be  determined,  they 
become  deterministic  and  only  the  three  coordinate 
components  are  left  in  the  estimation  process.  This  is  why 
fixed  integer  ambiguity  solutions  are  accurate  to  the  cm- 
level.  In  the  ambiguity  float  approach  used  here,  the  (n-1) 
AVITs  remain  stochastic  quantities  and  their  estimated 
values  are  updated  at  each  epoch.  The  DGPS  kinematic 
positions  of  the  remote  were  derived  with  the  FLYKIN™ 
software  [e.g.,  Lachapelle  et  al  1993]  in  ambiguity  float 
mode.  A  Kalman  filter  is  used  and  the  dynamics  of  the 
receiver  are  modelled  using  a  constant  velocity  model.  The 
state  vector  for  the  ambiguity  float  mode  is 

8x  =  {8x,  8y,  8z,  8vx,  8vy,  8V2-,  8AVN1, 

8AVN2, . .  8AVN„.i} 

The  measurement  and  system  noise  was  selected  based  on  a 
combination  of  receiver  specifications,  estimated  ambient 
miiltipath  and  experience.  The  software  was  modified  to  test 
user  selectable  latencies;  message  Types  20-21  were  selected 
for  this  purpose.  As  for  the  case  of  message  Type  1/9, 
each  data  set  was  first  post-processed  with  no  (0  second) 
latency  to  assess  the  accuracy  performance  achievable  in 
post-mission.  Solutions  with  latencies  of  5  to  25  seconds 
were  then  obtained. 

Field  Measurements 

Three  data  sets  were  observed  to  test  the  two  message 
Types,  namely  land,  airborne  and  shipbome  sets.  The  land 
test  was  conducted  over  a  two  day  period  in  October  1994 
between  Calgary  and  Havre,  Montana.  Three  receiver  Types 
were  used  simultaneously,  namely 

•  Wide  correlator  spacing  12-channel  MagnavoxMX9212 
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•  Narrow  Correlator™  spacing  NovAtel  GPSCard™  951 
[Van  Dierendonck  et  al  1992] 

•  Super  C/A  code/semicodeless  Y1/Y2  Ashtech  Z12  [e.g.. 
Van  Dierendonck  1994] 

All  receivers  were  in  static  mode  and  data  was  collected  at 
every  second  to  simulate  kinematic  mode.  The  distance 
between  the  two  groups  of  receivers  was  424  km.  The 
configuration  is  shown  in  Figure  1. 


- ►  CALGARY 

N1(GPSC«nrM95i) 

N*1  (GPSC«fxf~  951)  ^ 

N’2(MX9212)  1 

6  m 

N2(MX0212) 

_ W  6m 

1 

\7  i 

N3<Z-12) 

N’3(Z<12) 

Figure  1:  Receiver  Configuration,  Land  Test, 
Calgary  -  Havre,  October  94 


The  airborne  trial  was  conducted  by  the  Naval  Air  Warfare 
Center  (NAWC),  Warminster,  in  July  1994  off  Florida's 
east  coast  as  shown  in  Figure  2.  A  P3  Orion  aircraft  was 
used.  The  availability  of  two  reference  stations  at  distances 
of  up  to  1,200  km  from  the  aircraft  was  used  to  test  the 
effect  of  the  reference  station  distance  from  the  remote  on 
accuracy.  NovAtel  GPSCard™  951  receivers  was  used  to 
collect  data  every  second.  More  details  on  the  flight  trial  are 
available  in  [Lachapelle  et  al  1995a]. 


Figure  2:  NAWC  P3  Aircraft  Trajectory  and 
Reference  Stations,  July  94 


The  shipbome  trial  was  conducted  by  the  Canadian 
Department  of  National  Defence/Defence  Research 
Establishment  Ottawa  off  Vancouver  Island's  west  coast  in 
November  1994,  as  shown  in  Figure  3.  The  distance  from 
the  shore-based  reference  station  to  the  remote  reached  100 
km.  Two  Ashtech  Z-12  receivers  were  used  to  collect  data 
every  second.  More  details  on  the  ship  trial  are  available  in 
[Lachapelle  et  al  1995b]. 


Figure  3;  Ship  Trajectory,  Offshore  Vancouver 
Island,  November  94 

RESULTS  AND  ANALYSIS 

The  land  test  analysis,  which  includes  a  comparison  of 
receiver  performance,  is  first  presented.  The  airborne  and 
shipbome  trial  results,  which  were  obtained  used  specific 
receiver  pairs,  are  then  described.  Finally,  the  distortion 
effects  of  reference  station  coordinate  errors  on  remote 
coordinates  are  discussed. 

Land  Test 

The  measurements  coUected  simultaneously  with  the  three 
receiver  pairs  described  in  the  previous  section  over  a  two 
day  period  were  processed  successively  using  Type  1/9  and 
20-21  approaches,  with  latencies  of  up  to  25  seconds.  The 
no  or  0  second  latency  case,  which  is  that  corresponding  to 
post-mission  processing,  was  also  used  for  comparison 
purpose. 

In  order  to  illustrate  the  effect  of  latency  on  Type  1/9  range 
corrections,  mean  and  RMS  differences  between  range 
correctitHis  calculated  for  the  0  latracy  case  and  for  latencies 
of  5, 10, 15  and  25  seccmds  are  shown  in  Figure  4  for  a  50- 
minute  data  segment  observed  in  Calgary  with  the 
GPSCard™  receiver.  Fiu:  all  satellites,  the  RMS  difference 
is  below  1  m  except  for  a  latency  of  25  seconds.  This  is 
within  anticipated  limits  with  Selective  Availability  on. 
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PRN12  is  a  Block  I  satellite  which  is  not  affected  by 
Selective  Availability;  this  is  why  the  mean  and  RMS 
differences  are  smaller  than  the  other  satellites,  especially 
for  a  latency  of  25  seconds. 


Figure  4:  Land  Test  -  Mean  and  RMS  Effect  of 
Latency  on  Type  1/9  Range  Corrections 


wide  correlator  technique,  as  anticipated.  The  effect  of  a 
latency  of  up  to  15  seconds  on  the  horizontal  95th 
percentile  and  height  standard  deviation  is  less  than  0.5  m. 
For  a  latency  of  25  seconds,  the  effect  reaches  about  2  m. 


Figure  5:  Land  Test  -  Effect  of  Latency  on 
Type  1/9  Solutions 


The  various  accuracy  statistics  presented  below  in  the 
position  domain  are  based  on  a  comparison  between  the 
particular  solution  tested  and  an  average  of  several  batch 
static  solutions  to  determine  the  coordinate  differences 
between  Calgary  and  Havre  based  on  several  hours  of  data 
with  all  receiver  pairs.  An  ionospherically  corrected  solution 
with  the  Z-12  receiver  pair  was  also  performed  to  estimate 
the  differential  effect  of  the  ionosphere  on  the  424-km 
baseline.  This  effect  was  found  to  be  of  the  order  of  10  cm. 
The  accuracy  of  the  average  solution  is  estimated  to  be  equal 
to  or  better  than  1  ppm  or  40  cm. 

The  accuracy  of  the  Type  1/9  carrier  phase  smoothed  code 
solutions  obtained  with  all  three  receiver  pairs  for  latencies 
of  0,  5,  10,  15  and  25  seconds  are  shown  in  Figure  5.  In 
this  case,  the  Ashtech  Z-12  data  used  is  the  Super  C/A  code 
LI  data.  The  horizontal  95th  percentile  accuracy  is  better 
than  4  m  in  all  cases.  This  is  well  within  the  5-m  threshold 
required  by  the  Canadian  Coast  Guard.  The  height  standard 
deviation  («  68th  percentile)  is  <  3  m.  The  best  accuracy 
performance  are  achieved  by  the  GPSCard™  951  pair, 
followed  closely  by  the  Z-12  C/A  code  data.  The  MX9212 
accuracy  paformance  are  slightly  lower  due  to  the  use  of  a 


Type  1/9  code  versus  carrier  phase  smoothed  code  versus 
Type  20-21  solutions  (ambiguity  float)  are  shown  in  Figure 
6  for  the  0  latency  case.  The  statistics  for  each  of  the  two 
days  are  shown  separately  to  illustrate  the  high  level  of 
rqieatability  between  the  two  days.  The  Type  1/9  Z-12  Y1 
code  and  carrier  phase  smoothed  code  solutions  ate  similar 
to  the  Z-12  Super  C/A  code  solution,  which  indicates  that 
the  use  of  a  semicodeless  technology  to  obtain  Y1  does  not 
substantially  reduce  accuracy  in  this  case.  The  Type  20-21 
solutions  are  significantly  better,  than  the  Type  1^  carrier 
phase  smoothed  code  solutions  i.e.,  0.5  m  to  1.5  m,  for 
the  case  of  the  MX9212  and  Z-12  receivers.  No  relative 
improvement  occurs  in  the  case  of  the  GPSCard™  951 
receivers  due  to  the  high  accuracy  already  achieved  by  the 
Type  1/9  solutions  in  view  of  the  low  noise  and  high 
multipath  rejection  capability  of  the  Narrow  Correlator™ 
spacing  technique.  The  MX9212  results  show  the  greater 
relative  accuracy  improvement  between  flie  Type  \I9  code 
and  Type  20-21  solutions,  illustrating  the  greater  weight  on 
carrier  phase  data  in  the  Type  20-21  solution. 
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Figure  6:  Land  Test  •  Comparison  of  Type  1/9 
and  20-21  Solutions 


The  effect  of  latency  on  Type  20-21  solutions  are  shown  in 
Figure  7  for  the  GPSCard™  951  receivers  and  in  Figure  8 
for  the  MX9212  receivers.  The  latency  effect  on  Type  1/9 
carrier  phase  smoothed  solutions  is  repeated  in  the  tigures 
for  direct  comparison  purposes.  The  position  error  growUi 
due  to  latencies  of  up  to  IS  seconds  is  relatively  small  for 
both  solution  Types.  For  the  case  of  a  15-second  latency, 
the  Type  20-21  solution  yields  a  95th  horizontal  and  height 
accuracy  better  than  2  m  for  both  receivCT  Types. 


Figure  7:  Land  Test  •  Effect  of  Latency  on 
Type  1/9  and  20-21  Solutions  (GPSCard™ 
Receivers) 


Figure  8:  Land  Test  -  Effect  of  Latency  on 
Type  1/9  and  20-21  Solutions  (MX9212 
Receivers) 


The  accuracy  performance  achieved  using  different  receivers 
at  the  reference  station  and  remote  using  Type  1/9  solutions 
was  analysed  for  selected  combinations.  The  results  are 
summarized  in  Figure  9  for  the  horizontal  case.  The 
accuracies  shown  for  each  mixed  pair  are  approximately  half 
way  between  the  accuracies  reported  earlier  with  each 
identical  pair,  as  anticipated. 


Figure  9:  Land  Test  -  Accuracy  of  Mixed 
Receiver  Pairs  for  a  Latency  of  10  Seconds 


Aircraft  Trial 

The  aircraft,  whose  trajectory  is  shown  in  Figure  2,  reached 
a  speed  of  sev^  hundred  km  p^  hour  and  a  height  of  2000 
m  above  sea  level.  An  accurate  reference  trsgectory  could  be 
determined  separately  fw  the  aircraft  because,  during  takeoff 
in  Jacksonville,  the  reference  station  was  less  than  one  km 
away  and  the  LI  integer  ambiguities  were  resolved  to  their 
correct  integer  values  which  were  maintained  for  a  period  of 
40  minutes.  By  that  time,  the  aircraft  was  over  450  km 
away  from  the  Jacksonville  reference  station.  An  inspection 
of  the  double  difference  carrier  residuals  obtained  from  die 
fixed  integer  ambiguity  solution  showed  that  the  correct 
ambiguities  were  used  4uring  that  period,  resulting  in  a 
referraice  trsgectory  accurate  to  a  few  dedmetws.  The  only 
OTor  source  which  would  prevent  a  sub-dedmetre  accuracy 


903 


from  being  reached  is  the  differential  ionospheric  effect 
when  the  aircraft  is  a  few  hundred  km  from  the  reference 
station.  This  reference  trajectory  was  used  to  assess  the 
message  Types  1/9  and  20-21  solutions  derived 
subsequently  and  to  derive  the  statistics  presented  in  Figures 
11  and  12. 


Figure  10:  Difference  Between  Aircraft  Height 
Profiles  Obtained  from  Fixed  Integer  Amb.  and 
Type  20-21  Solutions  (Jacksonville  Ref.  St.) 


The  data  was  then  processed  successively  using  message 
Types  1/9  and  20-21.  In  the  case  of  Ty|^  1/9,  a  carrier 
phase  smoothed  code  solution  was  used,  while  in  the  case  of 
Types  20-21,  an  ambiguity  float  solution  approach  was 
used.  Latencies  of  10  and  25  seconds  were  tested.  The 
difference  between  the  aircraft  height  profiles  obtained  from 
the  fixed  integer  ambiguity  and  Types  20-21  solutions 
using  the  Jacksonville  reference  station  are  shown  in  Figure 
10  for  latencies  of  0  and  10  s,  respectively.  The  latency 
effect  is  clearly  visible.  The  accuracy  performance  statistics 
obtained  when  using  the  Jacksonville  reference  station  are 
sununarized  in  Figure  11.  The  message  Type  20-21 
solutions  are  significantly  better  than  the  message  Type  1/9 
solutions,  the  95th  percentile  horizontal  and  height 
accuracies  remaining  better  than  1  m  even  when  a  latency  of 
10  seconds  is  introduced.  For  the  0  second  latency  case,  the 
95th  percentile  accuracy  is  of  the  order  of  50  cm,  which  is 
similar  to  the  results  obtained  by  Ford  and  Neumann  [1994] 
using  a  similar  technique.  The  reason  for  the  lower  accuracy 


of  the  Type  1/9  solutions  is  that  these  solutions  rely  more 
heavily  on  the  code  measurements  which  are  significantly 
affected  by  relatively  high  multipath  caused  by  the  fuselage, 
as  shown  previously  [Lachapelle  et  al  1994].  When  the 
latency  reaches  25  seconds  however,  the  performance  of 
both  Types  1/9  and  20-21  are  similar  because  latency  effects 
becmne  dominant  and  mask  the  other  errw  sources. 

Types  20-21  solutions  were  also  derived  using  the 
Warminster  reference  station  to  assess  the  effect  of  a  longer 
distance  reference-remote  on  accuracy.  During  the  trial,  the 
distance  to  Warminster  varied  between  1126  and  1255  km. 
The  accuracy  performance  statistics  are  summarized  in 
figure  12.  For  the  no  latency  case,  the  95th  percentile 
hwizontal  and  height  errors  are  around  2  m,  as  compared  to 
less  than  0.5  m  when  the  Jacksonville  reference  station  is 
used.  The  difference  is  caused  by  a  combination  of 
differential  orbital  and  atmospheric  errors.  Over  such  a 
distance,  the  differential  effect  of  a  quiet  ionosphere  in  a 
North-South  direction  can  easily  be  over  1  ppm  or  1.2  m 
over  1,200  km.  The  error  growth  when  a  latency  of  10  s  is 
introduced  is  very  small  but  it  becomes  significant  when  the 
latency  is  increased  to  25  s. 

AIRCRAFT  TRIAL 

EFFECT  OF  LATENCY  ON  DGPS  ACCURACY 

RTCM  SC-104  Message  Types  1/9  versus  20-21  (RTK) 
Reference-Aircraft  0.5-454  km  GPSCard  951  Receivers 


Figure  11;  Aircraft  Trial  -  Type  1/9  and  20-21 
Accuracy  Performance  (Jacksonville  Ref.  St.) 


AIRCRAFT  TRIAL 

EFFECT  OF  LATENCY  ON  DGPS  ACCURACY 
RTCM  SC-104  Message  Types  20-21  (RTK) 
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Figure  12:  Aircraft  Trial  -  Type  20-21 
Accuracy  Performance  (Warminster  Ref.  Station) 
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Ship  Trial 

Since  dual-frequency  measurements  weie  available,  the  fixed 
integer  ambiguities  were  recovered  and  a  10-cm  reference 
trajectory  was  therefore  obtained  for  the  purpose  of 
assessing  the  accuracy  of  the  Types  1/9  and  20-21 
solutions  which  were  obtained  using  the  Y1  range  and 
carrier  phase  measurements.  The  accuracy  statistics  are 
summarized  in  Figure  13  for  the  0,  10  and  25  seconds 
latency  cases.  For  the  0  second  latency  case,  the  95th 
percentile  accuracies  are  of  the  order  of  a  few  decimeters 
when  using  the  message  Types  20-21  solution.  This 
compares  to  0.8  m  (horizontM)  and  1.6  m  (height)  for  the 
message  Type  1/9  solution.  When  latencies  of  10  and  25 
seconds  are  introduced,  the  accuracy  of  the  Types  20-21 
solutions  remain  better  than  the  corresponding  Type  1/9 
solutions  but  the  accuracy  performance  ratio  deaeases  due  to 
■the  masking  effect  of  latency  errors. 
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Figure  13:  Ship  Trial  •  Message  Type  1/9  and 
20*21  Accuracy  Performance 

Effect  of  Reference  Station  Coordinate  Errors 

The  coordinates  of  a  ref^ence  station  should  be  in  WGS84 
to  avoid  distortion  errors  in  the  estimated  coordinates  of  the 
remote  due  to  non-linearity  effects.  The  ref^ence  station 
coordinates  enter  in  the  formation  of  the  least-squares  or 
Kalman  filter  design  matrix  and,  if  incwrect  values  are  used, 
the  EKjPS  coordinates  of  the  remote  wUl  be  distorted  by  an 
effect  which  cannot  be  recovered  through  coordinate 
transftxmations.  The  magnihide  of  the  effect  depends  on  the 
distance  between  the  reference  and  remote,  the  coordinate 
errors  of  the  reference,  satellite  geometry,  and  the  duration 
of  observations  in  the  case  of  a  static  remote  station. 

The  effect  can  be  estimated  for  specified  cases  by  inserting 
errcffs  in  the  reference  station  coordinates  and  calculating  the 
resulting  distortions  on  the  DGPS  coordinates  of  the 
rmotB.  Several  cases  were  studied  here  using  data  collected 
on  the  424-km  land  static  and  shorter  baselines.  In  Figure 
14,  the  effect  caused  by  shifts  of  1, 10, 100  and  1,000  m  in 
each  of  the  three  coordinate  components  are  shown  for  a 
static  case  where  observations  of  the  424-km  baseline  are 


made  over  periods  of  1,  2  and  3  hours,  respecUvely.  The 
effect  is  calculated  as  the  difference  between  the  DGPS 
coordinates  of  the  remote  obtained  using  correct  reference 
station  coordinates  and  the  corresponding  coordinates 
obtained  using  incorrect  reference  station  coordinates  but 
corrected  for  the  nominal  errors  induced  in  the  reference 
station  coordinates.  The  effect,  which  reaches  a  few 
decimeters  when  an  error  of  10  m  is  inserted,  was  found  to 
be  a  function  of  atellite  geometry  and  repeats  itself  if  a  data 
segment  observed  during  the  same  siderial  time  period 
another  day  is  used.  For  a  different  data  segment,  the  effect 
would  be  different  but  its  magnitude  about  the  same. 
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Figure  14:  Effect  of  Reference  Station  Coordinate 
Errors  on  DGPS  Coordinates  of  Remote  Station  - 


Static  Case,  424  km  Inter-Station  Distance 


In  Figure  15,  corresponding  results  for  a  6-hour  data 
segment  observed  on  the  same  baseline  and  processed  in 
kinematic  mode  are  shown.  The  effect  occasionally  exceeds 
10  cm  when  an  error  of  10  m  is  input  in  each  coordinate 
component  of  the  reference  station,  i.e.,  about  1  %  of  the 
reference  station  cowdinate  errors.  Other  tests  revealed  that 
the  effect  is  approximately  proportional  to  the  distance 
between  the  two  stations.  If  the  effect  is  to  be  kept  below 
50  cm  for  a  distance  of  400  km  to  the  reference  station,  the 
reference  station  WGS84  coordinates  should  be  known  with 
an  accuracy  of  about  25  to  50  m. 
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CONCLUSIONS 

The  results  reported  herein  demonstrates  that  carrier 
phase  smooth^  RTCM  SC-104  messages  Type  1/9  can 
easily  meet  the  DGPS  95th  percentile  horizontal 
accuracy  requiment  set  by  the  Canadian  Coast  Guard 
for  all  three  receiver  T5q>es  tested  and  for  latencies 
in  excess  of  15  seconds,  which  is  well  beyond  the  5  to 
8  seconds  latency  expected  for  most  firmware  systems 
operating  in  conjunction  with  marine  readiobeacons. 
The  use  of  Types  18-21  solutions  with  LI  data  in 
ambiguity  float  mode  yields  a  yet  better  accuracy. 
For  distances  of  up  to  several  hundred  km  from  the 
reference  station,  a  95th  percentile  accuracy  of  <  1  m 
was  obtained  for  all  land,  airborne  and  shipbome 
cases  tested.  Some  accuracy  degradation  occurs  over 
long  distances  however  due  to  the  decorrelation  of 
orbital  and  atmospheric  effects.  The  effect  of 
WGS84  reference  station  coordinate  errors  on  DGPS 
remote  coordinates  was  estimated  to  be  1  -  2%  of  the 
reference  coordinate  error  for  distances  of  400  km  to 
the  reference  station. 
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ABSTRACT 

Differential  GPS  (DGPS)  is  becoming  widely  used  for  a 
variety  of  precise  positioning  applications.  Test  results  have 
demonstrated  the  capability  to  provide  real-time  navigation 
data  to  an  accuracy  of  2  meters.  This  exceeds  the  accuracy 
requirement  of  10  meters  (2  dRMS)  established  for  the 
majority  of  radionavigation  applications.  However,  on 
occasion,  transient  errors  are  observed  in  the  DGPS  solution 
where,  for  a  short  period  of  time,  the  navigation  error 
exceeds  10  meters.  Tliese  errors  can  be  caused  by  transients 
in  the  satellite  signals  (e.g.  selective  availability),  errors  in 
the  reference  station  (e.g.  multipath),  or  errors  in  the  DGPS 
receiver  itself. 

Many  of  the  applications  for  DGPS  require  a  highly  reliable 
solution.  One  such  application  is  navigation  buoy 
positioning.  Currently,  buoys  are  located  by  the  USCG 
using  DGPS.  DGPS  can  provide  the  capability  for  locating 
buoys  in  all  weather  conditions  with  a  high  level  of 
reliability.  However,  current  methods  do  not  always  include 
an  integrity  measure  on  the  DGPS  solution.  In  addition  to 
the  real  time  integrity  monitoring,  the  Coast  Guard  desires 
that  data  be  archived  and  the  integrity  status  be  regenerated 
if  the  need  arises  (e.g.  post-mission  validation  for  litigation 
considerations). 

This  paper  describes  an  autonomous  DGPS  Fault  Detection 
and  Isolation  (FDI)  algorithm  which  can  be  implemented  in 
the  user's  DGPS  receiver.  The  algorithm  makes  use  of 
redundant  measurements  to  test  the  validity  of  the  DGPS 
solution.  An  additional  redundant  measurement  can  be 
obtained  through  the  use  of  a  tide  model  and  altitude  aiding 
the  FDI  algorithm.  With  altitude  aiding,  the  algorithm  can 
he  implemented  in  any  DGPS  receiver  with  6  or  more 
channels. 

The  DGPS  FDI  algorithm  was  tested  on  board  the  US  Coast 
Guard  Cutter  RED  WOOD  and  at  the  Research  and 
Development  Center  in  Groton,  CT  to  demonstrate  the 
ability  of  the  algorithm  to  detect  navigation  accuracy 
failures  and  the  contribution  of  the  altitude  aiding  to  reduce 
false  alarms.  The  tests  were  conducted  underway  from 
December  11-14,  1994  and  on  land  from  February  24 
through  March  1,  1995.  During  the  tests  the  tide  models 
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December  11-14,  1994  and  on  land  from  February  24 
through  March  1,  1995.  During  the  tests  the  tide  models 
were  shown  to  reliably  add  information  to  the  FDI  process 
and  reduce  the  percentage  of  yellow  warning  alarms. 
During  the  land  tests  the  contribution  of  high  accuracy 
differential  corrections  was  analyzed.  The  FDI  algorithm 
has  previously  been  demonstrated  to  reliably  detect  failures 
through  simulation  and  field  testing.  With  the 
improvements  of  the  altitude  aiding  and  high  accuracy 
differential  corrections,  false  alarms  and  warnings  have  been 
virtually  eliminated. 

INTRODUCTION 

Government-provided  DGPS  service  is  currently  planned  for 
all  coastal  waters  of  the  US  to  provide  harbor  approach 
navigation.  Positioning  aids-to-navigation  (AToN)  was  a 
major  impetus  to  the  DGPS  implementation.  The  US  Coast 
Guard  currently  maintains  tens  of  thousands  of  navigational 
buoys  using  several  methods  of  positioning.  Through  four 
years  of  field  experience,  DGPS  has  consistently  proven  to 
be  the  most  reliable  and  accurate  method  of  placing  a  buoy 
at  its  assigned  latitude  and  longitude. 

Over  the  past  two  decades,  the  Coast  Guard  has  significantly 
improved  its  method  of  positioning  buoys  with  horizontal 
sextant  angles.  This  method  has  been  refined  to  yield 
accurate  positioning  and  create  enough  information  to 
properly  defend  the  Coast  Guard  from  potential  legal  actions 
regarding  AToN  not  being  on  their  proper  station.  Extra 
observables  are  used  to  create  an  over-determined  solution, 
and  all  the  measurements  are  recorded  so  that  the  solution 
can  be  calculated  at  any  point  in  the  future. 

DGPS  has  presented  technical  challenges  to  meet  the  same 
legal  requirements  as  those  specified  for  horizontal  sextant 
angle  positioning.  Most  DGPS  receivers  do  not  provide  the 
reporting  and  analytical  features  to  resolve  legal  issues.  To 
satisfy  this  requirement,  the  USCG  R&D  Center  funded  and 
directed  the  development  of  NavSafe,  a  RAIM  system  for 
DGPS.  NavSafe  measures  the  integrity  of  the  DGPS 
position  solution  and  indicates  the  quality  of  the  solution, 
and  can  also  record  enough  data  to  return  the  integrity 
equations  for  fault  detection  at  a  later  date. 

The  specific  challenge  to  be  met  by  the  NavSafe  RAIM 
software  was  to  provide  integrity  guarantees  for  the  task  of 
buoy  positioning  by  the  US  Coast  Guard.  This  task  requires 
a  navigation  accuracy  of  10  m  (R95). 

The  NavSafe  integrity  software  uses  a  Fault  Detection  and 
Isolation  (FDI)  algorithm  that  continually  checks  for  biases 
on  the  GPS  receiver's  pseudo-range  measurements  and  sets 
alarms  whenever  the  required  integrity  is  not  achieved.  One 
of  the  major  problems  with  previous  RAIM  algorithms  was 
the  inability  of  the  algorithms  to  determine  within  a  certain 
probability  if  there  was  in  fact  a  failure  or  if  the  solution  was 
valid.  This  situation  occurs  often  in  cases  of  low  signal-to- 
noise  (SNR)  ratios,  poor  tracking  geometry,  and  insufficient 
number  of  redundant  satellites.  In  this  situation  the  RAIM 


algorithm  has  failed  to  provide  the  required  integrity 
information.  To  augment  the  RAIM  process  for  this 
application,  additional  information  is  provided  to  the  RAIM 
software  by  means  of  a  tide  model. 

THE  NAVSAFE  RAIM  ALGORITHM 
The  NavSafe  RAIM  algorithm  uses  pseudo-range  residuals 
as  its  inputs.  This  makes  the  algorithm  generic  so  it  can  be 
used  with  any  GPS  receiver  that  outputs  the  residuals  (for 
example,  using  the  SGPGRS  NMEA  message).  The 
algorithm  continually  looks  for  biases  on  the  pseudo-range 
measurements.  Using  the  pseudo-range  residuals,  the 
algorithm  calculates  the  most  likely  bias.  This  is  standard 
in  Fault  Detection  and  Isolation  [3, 4, 5, 7].  NMEA  adopted 
the  SGPGBS  message  in  version  2.01  published  last  year  for 
reporting  the  most  likely  bias. 

All  RAIM  calculations  are  a  function  of  the  noise  on  the 
measurements.  The  NavSafe  RAIM  algorithm  uses  a 
technique  to  compute  the  variance  of  the  noise  from  the 
residuals.  Tests  done  on  NavSafe  show  that  this  variance 
calculation  is  accurate  to  within  5%  of  variance 
measurements  calculated  independently  using  the  known 
receiver  position. 

Having  computed  the  most  likely  bias,  the  algorithm  uses  a 
proprietary  technique  to  compute  the  relative  probabilities 
of  any  other  biases  on  other  channels.  This  allows  the 
algorithm  to  consider  all  possible  biases,  not  just  the  most 
likely,  although  when  a  significant  bias  is  present  the  set  of 
possibilities  rapidly  reduces  to  the  single  true  bias. 

The  algorithm  computes  the  worst  case  radial  position  error 
(RPE)  that  could  result  from  any  of  the  set  of  possible 
biases.  The  RPE  is  a  function  of  the  bias  and  of  the  noise  on 
all  the  measurements.  The  standard  mathematical  model  for 
the  distribution  of  the  RPE  is  the  non-central  chi-squared 
probability  distribution  function  (PDF)  [1, 2,  5, 6].  NavSafe 
uses  a  novel  approach  to  solve  the  non-central  chi-squared 
probability  fimction  in  real-time.  This  allows  the  algorithm 
to  calculate  the  expected  error  to  any  required  accuracy  (in 
the  case  tested  here  the  accuracy  is  10  m,  R95). 

The  NavSafe  package  produces  three  alarm  states,  green, 
yellow,  and  red,  to  report  on  the  current  accuracy  of  the 
measurements.  If  the  expected  error  is  within  the  accuracy 
requirement,  then  a  green  light  is  shown  and  the  user  is 
assured  that  the  required  accuracy  has  been  achieved.  All 
the  relevant  data  can  be  logged  so  that  the  calculations  can 
be  reproduced  to  verify  the  accuracy  and  satisfy  the  legal 
requirements  surrounding  aids-to-navigation.  If  the 
expected  error  is  outside  the  accuracy  requirement,  then  the 
NavSafe  algorithm  computes  the  probability  of  false  alarm. 
If  this  is  low,  then  a  red  alarm  is  raised,  indicating  a 
probable  error.  Otherwise,  a  yellow  alarm  is  raised,  warning 
the  user  that  the  test  cannot  be  performed  reliably. 

The  probability  of  false  alarm  can  be  shown  to  be  a  function 
of  the  change  in  HDOP  that  occurs  after  the  suspected 
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biased  satellite  has  been  removed  from  the  computation. 
This  change  in  HDOP  is  called  the  integrity  geometry  and  is 
as  important  to  RAIM  as  ordinary  HDOP  is  to  navigation. 
If  the  integrity  geometry  is  bad  (large),  then  even  a  small 
suspected  bias  will  lead  to  a  large  distribution  of  possible 
error,  and  the  algorithm  must  raise  an  alarm.  So  one  can  see 
that  bad  integrity  geometry  will  lead  to  a  high  alarm  rate. 
The  worst  case  integrity  geometry  is,  of  course,  predictable 
by  using  the  almanac  data  to  compute  future  positions  of 
satellites.  The  NavSafe  package  provides  a  look-ahead 
feature  that  produces  an  on-screen  plot  of  the  expected 
alarm  rate  for  any  time  period.  Using  Ais  feature,  users  can 
plan  critical  navigation  tasks  to  coincide  with  periods  of 
good  integrity  geometry, 

TIDE  MODELS 

There  are  two  different  tide  models  which  can  be  used  with 
the  altitude  aided  version  of  NavSafe.  The  NavSafe  default 
mode  uses  a  global  model  based  on  satellite  altimeter  cross¬ 
over  data  [8],  This  model  will  predict  the  tides  in  areas  of 
open  ocean,  but  will  not  resolve  the  tidal  signatures  of  some 
estuaries,  sounds,  or  coastal  areas.  The  model  does  not 
attempt  to  resolve  the  tides  in  river  areas.  In  these  areas,  the 
user  can  enter  data  from  the  tide  tables  which  will  be  used 
for  a  local  tide  model  computation  instead  of  the  global 
model.  As  data  is  collected,  the  tide  model  in  use  will  be 
calibrated  to  account  for  changes  in  location  of  the  antenna 
relative  to  the  sea  surface  and  coordinate  system  differences 
inherent  in  the  measurement.  If  the  global  model  is  valid  in 
a  particular  area,  data  will  be  collected  and  logged  even  if 
the  global  model  is  not  currently  in  use.  This  way,  if  the 
tide  model  is  switched  from  either  no  model  or  the  user 
input  local  model  to  the  global  model,  the  global  model  will 
already  be  calibrated.  Proper  calibration  of  the  global  model 
should  take  between  12  and  24  hours. 

The  global  tide  model  is  based  on  a  least  squares  fit  of  the 
first  40  cycles  of  TOPEX/POSEIDON  [9]  to  the  Laplace 
Tidal  Equations  as  determined  by  Egbert  et  al  [8].  The  tides 
are  provided  as  complex  amplitudes  of  the  earth-relative 
sea-surface  elevation  for  eight  primary  harmonic 
constituents  (M2,  S2,  N2,  K2,  Kl,  01,  PI,  Ql)  (Lambeck, 
1980)  on  a  512x256  grid  between  79.71®  South  and  69.71° 
North.  This  gridded  data  is  bilinearly  interpolated  to  the 
desired  location.  A  tidal  synthesis  program  uses  the 
interpolation  of  the  tidal  admittances  in  the  diurnal  and 
semi-diurnal  bands  to  include  9  additional  constituents 
(2N2,  MU2,  NU2,  L2,  T2,  Jl,  NOl,  001,  RHOl).  The 
synthesis  program  also  adds  the  long  period  constituents  of 
MF,  MM,  SSA  using  the  equilibrium  equations. 

The  user  supplied  local  tide  information  will  be  used  to  fit 
a  model  of  the  tide  using  the  M2  tidal  frequency.  Over  short 
periods  of  time,  the  M2  signal  will  dominate  the  tidal 
signature.  The  function  used  to  represent  this  tide  model  is 

h„,^^ticosuit+^smuit+b  (i) 
where  (o  is  the  M2  tidal  frequency. 


XroE  MODEL  CALIBRATION  AND  COMPARISON 


OSU  Tld0  Model  &  USCG  Tide  Table  for  New  London,  CT 


Figure  1  Global  Model  and  Tide  Tables:  New  London 


OSU  Tide  Model  &  USCQ  Tide  Table  for  Bridgport,  CT 


Figure  2  Global  Model  and  Tide  Tables:  Bridgeport 

Each  of  the  tide  models  used  for  altitude  aiding  will  need  to 
be  calibrated.  This  calibration  will  account  for  the  offset 
between  the  antenna  and  the  sea  surface  height  and  any 
differences  in  the  coordinate  systems  used.  For  example, 
when  the  high  and  low  tides  are  given  from  a  user  entry, 
they  will  be  relative  to  a  local  low  water  mean,  whereas  the 
navigation  solution  will  be  in  the  WGS-84  coordinate 
system.  The  estimation  of  a  bias  to  account  for  this  type  of 
local  difference  provides  a  more  intuitive  approach  over 
keeping  track  of  all  the  local  coordinate  transformations. 

For  the  global  tide  model,  a  bias  will  be  used  to  calibrate  the 
model.  The  global  model  performance  provides  fits  to  the 
tide  gauge  data  below  the  50  cm  level  once  the  bias  is 
removed.  Comparisons  of  the  global  model  and  the  high 
and  low  tides  from  four  tide  tables,  with  the  bias  removed, 
are  shown  in  Figure  1  through  Figure  4. 
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The  comparison  at  Bridgeport,  CT  is  the  worst  case  with  an 
offset  in  gain  and  phase.  However,  even  for  this  case,  the 
errors  are  less  than  50  cm.  With  this  type  of  global  model 
calibration,  there  will  be  no  need  for  user  input  and  the 
model  should  yield  sigmas  on  the  height  information  in  the 
altitude  aiding  equations  of  less  than  1  meter.  The  bias  will 
be  adjusted  as  measurements  are  collected  and  can  be 
allowed  to  adjust  over  short  periods  of  time  to  account  for 
actions  such  as  taking  on  fuel,  unloading  cargo,  and  burning 
fuel. 

For  the  local  model  shown  in  equation  (1),  the  parameters  a 
and  P  will  be  estimated  from  the  two  days  of  tide  table 
information  provided  by  the  user.  As  data  is  collected,  the 
bias,  b,  will  be  estimated.  This  bias,  like  the  bias  in  the 
global  model,  will  be  adjusted  as  measurements  are  taken  to 
account  for  taking  on  fuel,  unloading  cargo,  and  burning 
fuel.  This  tide  model  will  be  accurate  to  the  20-30  cm  level 
over  the  period  of  time  given  from  the  tide  tables. 

TEST  RESULTS 

The  NavSafe  RAIM  package  was  tested  at  the  USCG  R&D 
facility  at  Groton,  CT,  during  December  1994  and  February 
1995.  Differential  corrections  were  generated  by  a  Coast 
Guard  reference  station. 

SEA  TESTS 

The  altitude  aiding  addition  to  NavSafe  was  tested  during 
December  11-14, 1994  aboard  the  USCG  Cutter  Red  Wood. 
These  tests  document  the  decrease  in  yellow  alarms  through 
the  use  of  altitude  aiding  and  the  accuracy  of  the  global  tide 
model.  The  GPS  data  input  into  NavSafe  was  taken  from  a 
single  antenna  and  split  into  two  different  receivers  and  PCs, 
both  running  NavSafe,  One  version  of  NavSafe  was 
running  with  the  altitude  aiding  disabled  and  the  other  with 
the  altitude  aiding  in  the  auto  mode.  In  auto  mode,  the 
altitude  aiding  is  used  when  there  is  a  yellow  alarm.  If  there 
is  a  green  or  red  alarm,  altitude  aiding  is  not  used.  Both 
versions  had  the  parameters  RPE  max  set  to  10  meters, 
PFA  max=5%,  and  PMD  max=5%. 

Data  for  these  tests  were  collected  continuously  over  about 
4  days.  Table  1  shows  the  percentage  of  green,  yellow,  and 
red  alarms  for  the  four  days.  The  altitude  aiding  is  used  to 
reduce  the  number  of  yellow  alarms  by  adding  information 
into  the  FDI  algorithm  about  the  height  component  of  the 
navigation  solution.  This  table  clearly  shows  the 
improvement  when  altitude  aiding  is  used  in  reducing  the 
number  of  yellow  alarms  from  27.4%  down  to  8.8%. 
However,  some  additional  explanation  of  the  high 
percentage  of  red  and  yellow  is  needed.  The  high  number 
of  non-green  alarms  is  due  to  two  factors  in  this  test 
scenario.  First,  by  splitting  the  antenna,  there  is  a  3  dB  loss 
in  the  GPS  signal  which  will  translate  directly  into  noise  on 
the  pseudo-range  measurement.  Second,  the  differential 
corrections  were  lost  for  brief  periods  of  time.  Both  of  the 
factors  will  generate  yellow  and  red  alarms. 


OSU  Tide  Model  &  USCG  Tide  Teble  for  Newport.  R! 


Figure  3  Global  Model  and  Tide  Tables:  Newport 


OSU  Tide  Model  &  USCG  Tide  Table  for  The  Battery.  NY 


Figure  4  Global  Model  and  Tide  Tables:  The  Battery 

The  global  tide  model  was  also  verified  during  these  sea 
tests.  The  tide  height,  tide  residuals  (used  in  the  FDI),  and 
the  tide  sigmas  (also  used  in  the  FDI)  are  shown  for  both  the 
altitude  aided  and  the  non-altitude  aided  versions  of 
NavSafe  in  Figure  5  through  Figure  10.  The  tide  signature 
for  both  cases  is  very  similar.  For  both  cases  the  tide  height 
varies  by  about  5  meters  and  the  twice  diurnal  M2  tide 
signal  is  apparent.  The  choppy,  non-tidal  signature  is 
caused  by  having  the  time  constant  on  the  tide  bias  set  too 
low,  therefore  allowing  the  bias  to  adjust  too  quickly.  This 

Table  1  Altitude  Aiding  Sea  Test  Results _ 


No  Altitude 
Aiding 

Altitude  Aiding 
(used  26.3%  of 
the  time) 

Green 

68.78% 

85.56% 

Yellow 

27.40% 

8.84% 

Red 

3.82% 

5.59% 

was  done  to  verify  that  the  tide  bias  and  time  constant  were 
operating  properly.  This  is  validated  through  the  tide  sigma 
shown  in  Figure  9  and  Figure  10.  The  large  outages  on  the 
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residuals  and  sigmas  are  due  to  restarts  of  the  specific  PC  or 
recalibration  of  the  tide.  These  instances  were  necessary 
during  the  4  days  of  testing.  These  results  show  that  the  tide 
sigmas  vaiy  from  about  1  to  2  meters.  This  accuracy  of  data 
provides  a  solid  reference  to  help  the  FDI  algorithm. 

TESTING  WITH  HIGH  ACCURACY  DIFFERENTIAL 
CORRECTIONS 

To  further  test  the  altitude  aiding  contribution  to  the 
decrease  in  yellow  alarms  and  the  contribution  of  very 
accurate  differential  corrections,  another  set  of  test  data  was 
collected.  The  alarm  statistic  settings  used  were  the  same  as 
for  the  sea  test.  During  this  test,  however,  only  one  receiver 
was  used.  Data  were  collected  from  February  24  to  March 
1, 1995,  two  days  using  an  altitude  aided  FDI  and  the  other 
two  days  with  the  altitude  aiding  disabled.  The  results  from 
1  day  of  altitude  aiding  on  and  1  day  with  altitude  aiding  off 
of  this  test  are  shown  in  Table  2. 

An  operational  differential  station,  located  at  Montauk  Point 
and  occupied  by  an  Ashtech  Z-XIIR  was  used  for  this 
testing.  A  Novatel  running  in  a  PC  was  used  for  the  remote 
receiver.  This  hardware  was  chosen  to  demonstrate  the 
capability  of  the  system  without  the  addition  of  expensive 
GPS  hardware. 

These  results  show  a  tremendous  reduction  of  yellow  alarms 
over  the  use  of  the  prototype  differential  reference  receivers 
where  the  yellow  alarm  rate  was  about  21%  [10].  In 
addition,  with  altitude  aiding,  the  yellow  alarm  rate  goes 
from  about  5%  to  0.00%. 


Table  2  Sea  Testing  with  Highly  Accurate  Differential 
Corrections 


Green 

Yellow 

Red 

2/24/95 

1.3  days 

Aiding  On 

99.93% 

0.00% 

.07% 

3/1/95 

1.1  days 
Aiding  Off 

94.7 

5.36 

.53 

algorithms  and  software  will  provide  the  user  with  an 
accurate  and  reliable  method  of  monitoring  a  GPS 
navigation  solution. 

The  test  results  showed  that  the  NavSafe  RAIM  package 
accurately  computes  the  variance  of  the  noise  on  the  pseudo¬ 
range  measurements,  and  reliably  detects  biases  whenever 
they  occur.  The  calculation  of  the  expected  error  is 
achieved  in  real-time  so  that  alarms  occur  as  soon  as  the 
actual  error  approaches  the  limits  set  by  the  user.  The 
system  performance  with  operational  differential  reference 
stations  was  found  to  be  good  at  distances  of  23  miles, 
showing  similar  results  to  those  achieved  in  zero-baseline 
tests. 
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CONCLUSION 

NavSafe  and  the  FDI  algorithms  described  in  this  report 
have  been  tested  for  over  two  years  and  proven  to  be  a 
reliable  method  of  determining  the  integrity  of  a  GPS 
navigation  solution  without  affecting  the  navigation 
solution.  The  use  of  tide  models  to  help  constrain  the  FDI 
process  combined  with  accurate  differential  receivers 
virtually  eliminates  the  yellow  alarms.  The  use  of  these 
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ABSTRACT 

In  the  Commercial  Fishing  Industry  there  exists  the  need  for 
a  Virtual  Anchor  for  small  and  medium  sized  boats.  This 
system  was  initially  intended  to  replace  a  physical  anchor  for 
short  duration  parking  of  a  boat  during  the  harvesting  of 
Lobsters  or  Crabs  by  commercial  fishermen.  Scuba  Divers 
can  also  utilize  the  system  to  maintain  their  Dive  Boat's 
location  over  environmentally  sensitive  coral  reefs,  where 
physical  anchors,  which  damage  the  reef,  are  prohibited. 
Day  Party  Fishing  Boat  Captains  can  also  use  the  system  to 
park  their  boat  directly  over  known  good  fishing  spots  in 
deep  water. 

A  novel  virtual  anchor  has  been  developed,  installed  and 
demonstrated  aboard  a  34  foot  boat  at  sea.  In  cahn  seas,  with 
disturbing  wind  forces  of  less  than  10  knots,  using  a  USCG 
Differential  Beacon  for  corrections,  the  system  maintained 
the  boat's  bow  position  within  a  four  meter  radius.  The  one 
sigma  standard  deviation  was  approximately  two  meters 
during  one  hour  anchoring  trials.  A  production  version  of 
the  system  could  be  marketed  for  under  $10,000. 


The  DGPS  based  Virtual  Anchoring  system  is  both 
technically  and  economically  feasible  for  commercial  vessel 
operators.  The  bow  positioning  accuracy  of  the  system  is  far 
superior  to  that  obtained  fi-om  a  single  physical  anchor 
because  it  continuously  corrects.  The  long  "scope"  of  a 
conventional  physical  anchor  hne  or  "Rode"  allows  a  boat  to 
swing  about  a  large  radius  unless  multiple  anchors  are 
deployed. 

In  the  lucrative  lobster  harvesting  apphcation,  the  system 
price  can  be  paid  back  within  one  annual  harvesting  season 
due  to  time  savings  fi-om  not  deploying  and  recovering  a 
physical  anchor  at  each  lobster  habitat  harvested. 

INTRODUCTION 

There  are  several  maritime  operational  scenarios  in  which  a 
vessel  is  required  to  anchor  for  relatively  short  durations. 
This  involves  dropping  an  anchor  upwind  or  upcurrent  fiom 
the  position  that  the  boat  will  be  in.  When  operations  at  this 
location  are  completed  the  anchor  must  be  retrieved  and 
stowed.  Occasionally  the  anchor  does  not  set  well  and  the 
boat  drags  the  anchor  off  site,  or  the  anchor  becomes  fouled 
on  the  bottom  and  additional  time  is  lost  while  fieeing  and 
retrieving  the  anchor. 

The  need  for  a  Virtual  Anchor  was  specifically  motivated  by 
a  Commercial  Lobster  harvesting  operation.  In  this  scenario, 
a  number  of  lobster  habitats  are  situated  on  the  sea  floor  at 
pre-recorded  DGPS  latitude  and  longitude  positions  and  at 
depths  of  less  than  45  feet.  No  marker  buoys  are  used  to 
reduce  the  risk  of  pirate  harvesting.  The  harvesting  boat  and 
crew  will  work  several  dozen  habitats  a  day.  Harvesting  is 
accomphshed  by  two  fiee  divers  working  fiom  the  boat.  The 
time  spent  anchoring  and  un-anchoring  the  boat  at  each 
habitat  is  unproductive  time. 

CONCEPT  DESCRIPTION 

Conceptually,  the  Virtual  Anchoring  System  consists  of  an 
accurate  Differential  GPS  Receiver,  A  Steerable  Thruster 
and  a  Control  Computer.  The  GPS  Receiving  Antenna  is 
mounted  at  the  bow  of  the  boat  and  the  desired  anchoring 
point  is  like  a  waypoint  which,  the  Thruster  Control  System 
continually  seeks. 
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When  the  vessel  operator  presses  the  "Set  Anchor" 
command  button,  the  desired  Anchoring  coordinates  are 
instantly  stored  in  the  Control  Computer's  memory.  Once  an 
Anchoring  Site  has  been  selected,  the  control  computer 
continually  utilizes  the  DGPS  Receiver  fixes  to  calculate  a 
Range  and  Bearing  to  the  Anchoring  Site.  These  Range 
magnitudes  are  generally  much  less  than  five  meters. 

In  the  Control  Computer,  the  current  Thruster  Heading  is 
compared  to  the  Bearing  to  the  Anchoring  Site  and  a 
Steering  Correction  signal  is  derived.  The  DGPS  Receiver 
Latitude  and  Longitude  Fixes  are  communicated  to  the 
Control  Computer  via  a  standard  4800  baud  NMEA  serial 
data  interface.  The  Thruster’s  Heading  information  is  also 
communicated  to  the  Control  Computer  via  a  similar  serial 
data  interface.  Since  the  DGPS  Fixes  are  only  updated  once 
per  second  and  the  Thruster  Heading  is  only  updated  at  a 
few  samples  per  second,  we  are  dealing  with  a  Sampled  Data 
Control  algorithm.  The  maximum  steering  rate  of  our 
present  thruster  steering  servo  is  limited  to  about  sixty 
degrees  per  second.  To  minimize  hunting,  the  steering 
algorithm  issues  corrections  sized  accordingly. 

The  Range  information  is  used  to  determine  the  amount  of 
Thruster  Power  needed.  The  current  Electric  Thruster  uses 
a  Pulse-Width  modulation  scheme  to  control  Thruster 
power.  The  Control  Computer  has  a  four  bit  parallel  port 
Digital  to  Analog  interface  to  the  Pulse  Width  Modulator 
which  gives  the  system  sixteen  levels  of  Thrust.  The  system 
was  initially  tested  with  a  thruster  capable  of  45  pounds 
thrust,  but  is  currently  utilizing  a  65  pound  thruster  to 
provide  more  authority  in  higher  wind  and  sea  current 
conditions. 

Range/Rate  information  is  also  calculated  to  provide  a 
second  order  control.  This  rate  or  velocity  information  is 
used  to  provide  control  system  damping  to  minimize 
overshooting  and  hunting.  Control  algorithm  coejfficients  are 
adjustable  to  suit  the  vessel's  weight  inertia  and  hull  drag. 
When  the  thruster  has  achieved  sufficient  velocity  toward 
the  desired  anchoring  site,  the  thruster  power  is  reduced 
accordingly  to  avoid  overshoot.  Velocity  away  fi’om  the 
desired  anchoring  site  quickly  results  in  maximum  corrective 
thrust  to  prevent  loss  of  position. 

DGPS  CORRECTION  SOURCES 

Differential  Corrections  are  available  from  a  variety  of 
sources.  This  Virtual  Anchoring  System  has  been 
experimentally  implemented  with  three  different  Differential 
Correction  schemes.  Initially  the  system  was  implemented 
using  a  private  VHF  Narrow  Band  FM  Packet  Data  Radio 
link.  The  base  station  DGPS  reference  receiver  was  initially 
a  Navstar  XR4  with  its  antenna  located  at  a  surveyed 
position.  The  XR4  base  station  was  later  updated  to  an  XR- 
5M  with  some  improvement  of  performance.  A  VHF 


receiver  and  packet  radio  modem  aboard  the  vessel  received 
the  pseudorange  and  range  rate  corrections  for  the  on-board 
DGPS  receiver.  Initially  an  XR4  DGPS  receiver  was  used 
on-board.  It  was  later  upgraded  to  an  XR5,  but  was  quickly 
replaced  by  an  Ashtech  Sensor  II,  which  provided  superior 
accuracy  at  less  cost. 

The  second  method  of  obtaining  differential  corrections 
involved  subscribing  to  the  DCI  RDS  service  which  was 
broadcast  on  a  subcarrier  from  a  nearby  FM  Radio  Broadcast 
Station.  The  DCI  Model  RDS-3000  receiver  receives  the 
differential  GPS  corrections  and  provides  them  via  a  serial 
data  output  to  the  on-board  Ashtech  DGPS  receiver. 

The  third  method  of  obtaining  differential  corrections 
involved  the  use  of  the  U  S.  Coast  Guard’s  Low  Frequency 
beacon  broadcasts  of  differential  corrections.  A  low 
frequency  beacon  receiver  aboard  the  vessel  receives  and 
demodulates  the  MSK  modulated  differential  correction  data 
and  transmits  it  to  the  on-board  DGPS  receiver  via  a  4800 
baud  serial  data  link. 

TheXR4  andXR5  implementations  used  RTCM  104  Type 
1  and  Type  2  messages.  The  DCI  subscription  service  is 
available  with  either  Type  1  or  Type  9  messages.  During  our 
tests,  we  used  the  signal  from  an  FM  station  near  Tampa, 
Florida.  The  USCG  Low  Frequency  beacon  broadcasts  were 
initially  Type  1,  but  are  currently  being  changed  over  to 
Type  9.  We  used  the  Type  9  signals  broadcast  from  the 
Egmont  Key  beacon  during  our  tests  at  Sarasota,  Florida. 

Using  the  Ashtech  Sensor  II  DGPS  receiver  on-board  the 
test  boat,  we  observed  comparable  accuracy  from  all  three 
sources  of  differential  correction  information.  Base  line 
distances  were  on  the  order  of  60  km  for  the  DCI  service,  30 
km  for  the  USCG  beacon  and  5  km  for  the  private  reference 
station  VHF  radio  data  link. 

SYSTEM  ARCHITECTURE 

The  Differential  Corrections  Receiver  receives  the  RTCM- 
104  Type  9  correction  messages  and  sends  them  over  a  4800 
baud  serial  data  link  to  the  on-board  DGPS  receiver. 

Latitude  and  Longitude  fix  data  from  the  on-board  DGPS 
receiver  is  sent  to  the  Virtual  Anchor  Control  Computer  via 
another  4800  baud  serial  data  link. 

Thruster  heading  information  is  obtained  serially  via  a  third 
4800  NMEA  data  link  from  a  KVH  flux-gate  digital 
compass  mounted  on  the  thruster  steering  mechanism.  Slip 
Rings  are  required  for  these  connections.  High  current  slip 
rings  are  used  to  connect  the  Pulse-Width  Power  Controller 
to  the  Thruster  Motor. 
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Figure  1 

This  block  diagram  indicates  all  of  the  functional  elements  of  the  Virtual  Anchoring  System. 


The  Remote  Control  Box  provides  the  human  boat  operator 
interface.  From  this  conceptual  control  panel,  the  operator 
can  "Set  Anchor"  and  "Release  Anchor”. 


Figure  2 


Red  LED  indicates  power  is  on  and  system  is  not  anchored. 
A  Green  LED  indicates  that  the  Virtual  Anchor  has  been 
activated. 

The  Remote  Control  Box  also  allows  the  thruster  to  be  used 
manually;  for  this  usage,  the  controls  include  the 
"Retract/Extend"  selector,  the  "Manual/Auto"  selector, 
"Left/Right"  steering  buttons,  and  "Thrust"  rheostat.  This 
manual  control  capabihty  provides  additional  maneuvering 
capability  and  can  be  used  to  assist  docking.  To  facilitate  this 
usage,  a  sixteen  point  "Thruster  Relative  Heading"  display 
is  provided. 


An  "Audible  Alarm  Annunciator"  is  contained  in  the  remote 
control  box  to  alert  the  boat  operator  in  case  of  large  range 
errors  or  loss  of  differential  mode. 

PERFORMANCE  EVALUATIONS 

DIFFERENTIAL  FIX  ACCURACY 

To  evaluate  the  accuracy  of  the  Differential  GPS  fixes, 
several  hours  of  operation  were  conducted  while  at  dockside. 
Using  the  earlier  Navstar  XR4  DGPS  receiver,  the 
differential  fix  errors  were  in  the  five  to  ten  meter  range 
which  was  deemed  unacceptable. 

After  replacing  the  XR4  units  with  Navstar’s  newer  XR5 
model,  the  errors  dropped  into  the  three  to  five  meter  range. 
This  usually  provided  anchoring  accuracies  better  than  those 
obtained  with  a  single  physical  anchor.  The  Ashtech  Sensor 
II  DGPS  receiver  provided  an  even  better  differential  fix. 
With  this  present  configuration,  the  fix  errors  are  generally 
in  the  one  to  two  meter  range. 

THE  SEA  TRIALS 

A  34-foot  Scarab  boat  was  available  for  the  initial  system 
testing.  A  temporary  bow-thruster  mounting  platform, 
without  a  retract  mechanism,  was  installed  on  the  Scarab. 
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Figure  3 

Note  that  the  GPS  receiving  antenna  is  located  directly 
over  the  bow  thruster. 


Figure  4 

This  photo  shows  the  Virtual  Anchoring  System 
Control  Computer. 


The  prototype  system  utilizes  a  single  board  IBM  486-33 
PC/AT  compatible  computer.  For  test  data  collection,  a 
virtual  drive  RAM  card  was  included  on  the  prototype.  A 
conventional  computer  keyboard  interface  was  added  during 
R&D  tests  to  facilitate  parameter  changes.  A  VGA  monitor 
interface  was  also  added  during  these  R&D  tests  to  facilitate 
performance  data  monitoring. 

BOAT  DYNAMIC  FACTORS 

The  34-foot  Scarab's  twin  250  HP  Outboard  Engines 
concentrate  the  mass  at  the  stem  of  the  boat  and  its  long 
stiletto  shape  places  the  center  of  wind  pressure  well  forward 
of  the  center  of  mass.  This  gives  the  wind  a  good  bit  of 
leverage  and  causes  the  bow  to  want  to  swing  toward  the 
downwind  direction.  The  Scarab  weighs  about  5  tons  which 
gives  it  a  significant  amount  of  momentum,  once  any 
velocity  is  achieved.  Its  wind  surface  area  is  small  when 


headiag  into  the  wind  but  becomes  quite  large  when 
broadside  to  the  wind. 


The  dynamics  of  this  boat  represent  a  severe  challenge  to 
the  Virtual  Anchor  Control  System.  The  lobster  harvesting 
boats  are  25  foot  Robalos,  are  fighter  weight  and  have  a 
lower  length  to  beam  width  ratio.  The  lobster  storage 
compartments  are  located  forward,  so,  as  the  work  day 
progresses,  the  center  of  mass  moves  slightly  forward.  This 
will  tend  to  compensate  for  the  decreasing  fuel  mass. 

ANCHORING  TESTS 

Three  types  of  tests  were  conducted  to  determine  proper 
selection  of  the  Coefficients  that  determine  the  Dynamic 
performance  of  the  Sampled  Data  Ship  Positioning  System. 
Initial  testing  was  performed  in  a  protected  basin  with  calm 
water  and  light  winds.  Trial  and  error  selections  of  the  Range 
and  Range  Rate  thrust  coefficients  provided  an  empirical  feel 
for  the  test  boat’s  dynamics.  A  Lap-Top  PC  was  used  to  log 
fix  data  during  the  on-board  tests. 

An  offshore  test  was  conducted  in  three  to  five  foot  seas  near 
the  Sarasota  Sea  Buoy.  Problems  were  encountered  here. 
Due  to  the  test  boat’s  configuration,  the  bow  thruster  was 
being  lifted  completely  out  of  the  water  as  the  boat  rode  over 
the  larger  waves. 

A  third  type  of  test  was  conducted  in  a  narrow  channel 
during  a  tidal  flow  which  increased  to  two  knots  of  current. 

From  these  early  tests,  it  was  determined  that  the  45  pound 
thruster  limitation  allowed  us  to  anchor  the  Scarab  in  calm 
water  at  winds  up  to  15  knots,  in  calm  winds  at  tidal  currents 
up  to  2  knots  and  at  sea  in  a  moderate  situation  of  combined 
wind  and  wave  motion.  To  provide  increased  control  system 
authority,  a  65  pound  bow  thruster  has  been  procured  for  the 
Scarab  installation. 
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DIFFERENCE  FROM  AVERAGE 


Figure  7 

This  XY  plot  of  the  same  data  from  Figure  6  shows  how  well  the  boat's  position  was  being  held  during  the 
virtual  anchoring  test.  The  plot  includes  a  bad  data  point  in  the  lower  left  corner  and  the  excursion  in  the 
lower  right  occurred  while  the  anchoring  system  was  disabled  to  make  some  experimental  coefficient  changes. 

This  figure  is  a  screen  capture  from  a  tracking  program  supplied  by  Holst-Webster  Enterprises. 
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POTENTIAL  IMPROVEMENTS 


Although  the  system  has  already  demonstrated  superior 
anchoring  accuracy  when  compared  to  a  single  physical 
anchor,  several  improvement  possibilities  arose  during  the 
on-board  tests. 

An  anemometer  to  measure  windspeed  and  direction  could 
be  added,  at  a  moderate  cost,  as  an  additional  sensor  input  to 
a  multi-state  Kalman  filter  added  to  the  software.  At 
substantial  cost,  On-The-Fly  kinematic  DGPS  computations 
could  be  performed  to  provide  centimeter  accuracy  for  the 
anchoring  site  control  system  input. 

ALTERNATE  CONFIGURATIONS 

It  is  obvious  that  several  alternate  system  configurations 
could  be  implemented. 

For  example,  two  fixed  (non-steerable)  reversible  thrusters 
could  be  utilized  in  place  of  a  steerable  thruster.  Differential 
thrust  would  replace  the  steering  mechanism.  In  this 
implementation,  the  ship^s  compass  could  be  utilized  if  it  has 
a  suitable  NMEA  data  output.  At  the  cost  of  a  second 
thruster,  the  steering  mechanism  and  slip-ring  assemblies 
would  be  eliminated. 

Putting  duplicate  systems  on  a  vessel  to  maintain  both  the 
bow  and  stem  position  could  keep  a  vessel  in  a  fixed  heading 
as  well  as  in  a  precise  location. 

CONCLUSIONS 

It  has  been  demonstrated  that  the  Virtual  Anchoring  System 
is  both  technically  and  economically  feasible  for  installation 
aboard  commercial  fishing  and  lobster  harvesting  boats  or 
pleasure  crafts.  With  the  proper  Thruster,  the  system  can 
virtually  snub  a  small  boat's  bow  to  an  imaginary  piling 
using  a  six  foot  line. 

In  the  lobster  harvesting  application,  the  increased 
productivity  due  to  anchoring  time  saving  alone  shows  an 
installation  investment  payback  well  within  one  harvesting 
season. 
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ABSTRACT 

The  Portable  Tracking  System  (PTS)  is  being 
designed  to  support  the  U.S.  Navy*s  requirement  to 
perform  open-ocean  testing  in  diverse  environmental 
conditions,  including  shallow  water.  The  Shallow  Water 
In-line  Multiplexed  Sensor  System  (SWIMSS)  is  a 
prototype  system  used  to  track  the  position  of  in-water 
vehicles  that  are  performing  naval  operations.  SWIMSS 
is  designed  to  be  deployed  in  water  depths  up  to  2000 
feet.  It  consists  of  10  in-line  sensor  hydrophones  that 
time-division  multiplex  (TDM)  acoustic  data  over  a 
single-mode  fiber-optic  cable.  An  installation  and  testing 
of  SWIMSS  was  conducted  10-18  September  1994,  120 
miles  off  the  coast  of  Newport,  RI,  at  39°  53.5TM  and  -72° 
07.2W  in  approximately  300  feet  of  water. 

In  order  to  perform  this  kind  of  in-water  tracking 
operation,  each  hydrophone  sensor  must  be  acoustically 
surveyed  in  a  geodetic  coordinate  system.  The  survey  of 
the  sensor  nodes  requires  a  mobile  survey  ship  to  "ping" 
at  various  key  range  points.  Aboard  the  survey  vessel  is  a 
Differential  Global  Positioning  System  (DGPS)  receiver 
and  UHF  RF  telemetry  equipment,  as  well  as  an 
underwater  acoustic  projector.  The  survey  vessel  received 
differential  corrections  from  the  Montauk  Point,  Long 


Island,  New  York  Coast  Guard  Station.  The  SWIMSS 
cable  is  terminated  to  a  moored  surface  ship  where  the 
acoustic  pings  are  detected.  The  receive  vessel  is  logging 
the  DGPS  position  of  the  survey  vessel  via  the  RF  link  on 
a  SUN  Workstation.  Personnel  on  the  receive  vessel 
vector  the  survey  vessel  to  the  various  survey  waypoints 
for  data  collection.  The  underwater  projector,  hull- 
mounted  to  the  survey  vessel,  transmits  a  "ping"  that  is 
synchronized  with  DGPS  time.  The  ping  is  received  by 
the  SWIMSS  sensor,  multiplexed  on  the  fiber,  and 
demultiplexed  by  shipboard  electronics  aboard  the  receive 
vessel.  The  time  delay  caused  by  the  transition  of  the  ping 
through  the  water  is  measured  by  an  acoustic  digital 
signal  processor  interfaced  to  the  shipboard  demultiplexer 
and  DGPS.  The  signal  processor  in  turn  is  interfaced  to 
the  SUN,  and  the  transit  times  through  the  water  are 
displayed  and  stored.  A  "il*"  course  is  run  over  the 
SWMSS  sensor  by  the  survey  vessel.  Based  on  the 
known  time  of  the  transmission,  the  position  of  the  survey 
vessel  acquired  via  DGPS,  and  the  RF  link,  the  transit 
time  of  the  ping  through  the  water  and  the  velocity  of 
soimd  in  the  water,  the  latitude,  longitude,  and  depth  of 
the  SWIMSS  hydrophone  sensor  can  be  calculated. 

The  new  iimovation  here  regards  the  fact  that  shallow 
water  is  a  harsh  environment  for  the  transmission  of 
acoustic  pings.  In  the  past,  with  deep-water  acoustic 
tracking  range  surveys,  several  hydrophones  would  be 
making  detections  on  a  direct-path  transmission  from 
pinger  to  hydrophone.  This  technique  ties  the 
hydrophones  together  as  they  relate  to  each  other.  This  is 
not  possible  in  shallow  water  because  the  direct-path 
acoustic  transmission  is  shorter,  necessitating  the 
requirement  of  a  single  hydrophone  survey.  This  is  the 
case  because  hydrophones  may  not  be  receiving  the  same 
acoustic  paths.  DGPS  was  the  tool  that  makes  possible 
hydrophone  position  in  shallow  water. 
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INTRODUCTION 


BACKGROUND 


The  Navy  has  shifted  the  emphasis  of  testing  from 
deep  ocean  water  to  the  shallow,  near-shore  environment 
because  of  the  shift  of  threat  conditions.  However, 
shallow  water  proves  to  be  a  very  harsh  environment  for 
the  task  of  underwater  communications  between  undersea 
vehicles  and  a  series  of  hydrophones  positioned  on  the 
ocean  floor.  This  problem  is  currently  being  investigated 
by  the  PTS  program  to  support  the  U.S.  Navy’s 
requirement  to  conduct  shallow-water  testing  in  the 
littoral  environment. 

The  accomplishment  of  this  requirement  will  be 
satisfied  by  the  PTS  final  production  shallow-water 
system,  which  is  a  100-hydrophone  sensor  node 
assemblage  designed  to  cover  100  square  nautical  miles 
of  open  ocean. 

The  Naval  Undersea  Warfare  Center  Division, 
Newport  is  responsible  for  the  execution  of  the  PTS.  It 
was  decided  early  in  the  program  to  develop  a  prototype 
shallow-water  system  for  testing,  increasing  the 
knowledge,  and  developing  in-house  experience  for  this 
type  of  system.  This  prototype  was  the  Shallow  Water  In¬ 
line  Multiplex  Sensor  System  (SWIMSS),  which  provided 
the  hardware.  Special  techniques  were  required  during 
and  after  installation  to  acoustically  position  the  SWIMSS 
sensor  nodes.  Figure  1  is  a  graphic  depiction  of  SWIMSS 
as  installed. 


PTS  STSIFM 


Acoustic  underwater  tracking  ranges  consist  of  a 
series  of  hydrophones  that  are  typically  laid  out  in  a 
geometric  pattern  of  equilateral  triangles.  In  order  to 
perform  the  acoustic  tracking  function,  the  exact  position 
and  the  inter-relationship  between  these  hydrophones 
must  be  established.  Acoustic  tracking  is  performed  on  an 
undersea  vehicle  with  the  use  of  a  cooperatively  installed 
device  called  a  “pinger.”  The  pinger  transmits  a  sonic 
signal  that  is  detected  by  the  bottom-mounted 
hydrophones.  If  enough  hydrophones  make  detections  on 
a  given  ping,  the  position  of  the  vehicle  can  be  calculated 
using  3-D  triangulation  algorithms. 

On  deep-water  acoustic  tracking  ranges,  the  positions 
of  the  hydrophones  are  achieved  through  an  acoustic 
survey  using  the  Vanderkulk  technique  (1).  After  the 
hydrophones  have  been  installed,  a  surface  vessel, 
equipped  with  a  synchronous  pinger  is  used  for  the 
acoustic  survey.  This  pinger  is  configured  to  transmit  on 
the  1  second  mark  of  GPS.  The  hydrophones  are 
interfaced  to  a  digital  signal  processor  (DSP)  where  the 
in-water  signals  are  detected.  The  DSP  is  also 
s>7ichronized  with  GPS  time.  When  the  survey  vessel 
pings,  the  signal  travels  through  the  water,  is  acquired  by 
the  bottom-mounted  hydrophones,  and  detected  with  the 
DSP.  Since  the  exact  time  of  the  transmission  is  known, 
the  transit  time  of  the  ping  signal  through  the  water  is  also 
known.  The  speed  of  sound  in  the  water  is  also  known 
via  the  Sound  Velocity  Profile  (SVP)  which  can  be 
measured  with  various  devices.  Knowing  the  transit  time 
from  the  pinger  to  the  hydrophone  and  the  speed  of  sound 
of  water,  the  distance  of  this  slant  range  can  also  be 
calculated. 

Acoustic  underwater  tracking  ranges  are 
typically  laid  out  in  a  hexagon  with  a  hydrophone  at  the 
center  as  graphically  depicted  in  Figure  2.  The 
Vanderkulk  process  requires  the  survey  vessel  to  ping  at 
key  geometric  points  over  the  hydrophone  field.  These 
points  are  located  at  the  bisectors  of  baselines,  over 
hydrophones,  and  at  the  geometric  centroid  of  the 
equilateral  triangles.  Transit  times  from  3  to  7 
hydrophones  are  required  to  calculate  the  relationship 
between  the  hydrophone  on  a  relative  coordinate  system. 
The  hydrophones  are  surveyed  as  triad  groups.  For  the  7- 
hydrophone  array  shown  in  Figure  2,  25  survey  points 
with  multiple  hydrophone  replies  per  ping  are  required 
for  the  Vanderkulk  process  to  function.  In  shallow  water, 
the  multiple  replies  required  to  perform  this  type  of 
survey  are  rare;  therefore,  a  technique  to  provide  a  single 
hydrophone  survey  was  needed  to  solve  this  problem. 


Figure  1.  SWIMSS  Conceptual  Installation 
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TEST  DESIGN 

The  SWIMSS  was  installed  10-18  September, 
1994,  120  miles  of  the  coast  of  Newport,  RJ,  at  39®  53.5’ 
north  latitude  and  -72®  07.2’  west  longitude  in 
approximately  300  feet  of  water.  Figure  3  depicts  the 
actual  deployment  location.  The  10  nautical  mile 
SWIMSS  was  laid  out  in  a  horseshoe  configuration  off 
the  Motor  Vessel  GULF  GUARDIAN,  referred  to  as  the 
receive  vessel. 


Figure  3.  The  Deployment  Location  for  SWIMSS 


Figure  4  is  a  plot  of  the  GPS  track  of  the  cable  lay.  The 
end  of  the  SWIMSS  Electrical  Mechanical  Optical 
(EMO)  cable  was  connected  to  an  electronics  enclosure 
aboard  the  GULF  GUARDIAN.  When  the  cable  lay  was 
complete,  the  GULF  GUARDIAN  dropped  anchor  and 
remained  at  moor  for  the  remainder  of  the  trip  until 
recovery  of  the  system. 


Figure  5  shows  the  GULF  GUARDIAN  fully  loaded  out 
with  the  PTS  and  the  SWIMSS  system. 


Figure  5.  Installation  Vessel  GULF  GUARDIAN 
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The  acoustic  tracking  array  was  laid  out  in  a 
configuration  of  2  x  5  hydrophones.  This  layout  provides 
a  rectangular  tracking  area  of  approximately  1.5  x  4 
nautical  miles. 

A  second  vessel  was  required  to  assist  as  the 
survey  vessel.  This  vessel  was  the  TORPEDO 
RETRIEVER  841.  The  RETRIEVER  is  referred  to  as  the 
survey  vessel. 

TEST  INSTRUMENTATION 

The  two  vessels  were  outfitted  with  various 
equipment  to  conduct  the  single  phone  survey.  The 
instrumentation  setup  is  graphically  depicted  in  Figure  6. 
Both  the  survey  vessel  and  the  receive  vessel  were 
equipped  with  12-channel  DGPS  satellite  receivers  that 
provide  24-hour  3-D  tracking.  This  receiver  accepts 
differential  corrections  in  an  RTCM  SC- 104  format  and 
interfaces  to  a  control  computer  via  a  control  and  data 
RS-232  port. 

The  differential  correction  was  supplied  via  the  U.S. 
Coast  Guard  Mid-Frequency  transmitter  located  at 
Montauk  Point,  Long  Island,  New  York.  This  differential 
reference  station  is  one  of  a  Coast  Guard  Network  that 
will  cover  the  entire  U.S.  coast  line  by  the  year  1996. 
Both  the  receive  and  the  survey  vessels  were  equipped 
with  DGPS  capability. 

The  DGPS  position  of  the  survey  vessel  was  transited 
to  the  receive  vessel  via  a  radio  modem.  The  survey 
vessel  was  configured  as  the  transmitter  and  the  receiver 
vessel  as  the  receiver.  The  DGPS  position  of  the  survey 
vessel  was  interfaced  to  a  SUN  Microsystems  670 
workstation  computer.  The  position  from  both  the  receive 
and  the  survey  vessels  was  logged  continuously. 


COASTGUARD 
DGPS  BEACON 


NAVSTAR  GPS 


SURVEY  VESSEL 


RECEIVE  VESSEL 


Figure  6-  SWIMSS  Vessel  Instrumentation 


X-SURVEY 

The  X-Survey  algorithm  was  designed  to  locate  the 
PTS  shallow-water  tracking  sensors.  Each  sensor  is 
located  one  at  a  time  and  independently.  A  synchronized 
pinger  at  a  known  depth  on  a  survey  vessel  is  used  to 
generate  acoustic  data.  All  delays  must  be  taken  into 
account.  Acoustic  data  on  transit  times  are  collected 
within  the  radius  of  direct  path  signals  from  the  pinger  to 
the  sensor. 

In  addition  to  the  acoustic  data,  time-correlated 
DGPS  tracking  data,  including  X,  Y  coordinates  and  the 
course  of  the  survey  vessel  are  also  collected.  If  the 
DGPS  antenna  and  pinger  do  not  align,  then  the  parallax 
is  used  to  track  the  pinger.  The  DGPS  course  is  used  in 
this  computation. 

A  simple  run  geometry  is  used  by  the  survey  vessel 
while  collecting  data.  Two  passes  forming  an  x  or  + 
pattern  are  made  for  each  sensor,  as  shown  in  Figure  7. 


^ _  ..  . 

PASS  1 

^HYDROPHONE 

PASS  2 

Figure  7.  Simple  Run  Geometry 

During  each  pass,  an  attempt  is  made  to  go  over  or  close 
to  the  deployed  position  of  each  hydrophone.  The  straight 
lines  in  Figure  7  are  the  representation  of  the  survey 
vessel  track. 
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Figure  8  graphically  depicts  an  actual  DPGS  plot  of 
the  survey  vessel  around  two  of  the  hydrophone  sensors. 


CONCLUSION 

The  use  of  DGPS  for  the  navigation  positioning  of  the 
survey  vessel  permitted  the  use  of  these  mathematics  to 
solve  the  problem  of  locating  underwater  acoustic  tracking 
sensors.  Figure  9  displays  the  planned,  deployed,  and 
surveyed  location  for  this  test.  This  technology  saved  much 
time  and  equipment  needed  to  support  shore  stations  diat 
historical  surveys  would  have  required. 
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solutions  that  will  permit  the  reliable  use  of  AUVs  on 
commercial  survey  and  inspection  operations.  These 
techniques  include  the  global  positioning  system,  inertial 
navigation  systems,  Doppler  speed  logs,  bathymetry- 
aided  navigation,  acoustic  measurements  from  chase 
ships,  acoustic  measurements  from  transponders  (bread¬ 
crumb  technique),  and  multiple  cooperative  AUVs. 

The  current  level  of  development  for  each  of  the 
approaches  will  be  discussed  and  its  future  potential 
assessed.  Finally,  the  authors’  development  efforts  and 
current  level  of  implementation  relating  to  the  XP-21 
AUV  will  be  presented. 

INTRODUCTION 

Autonomous  Underwater  Vehicles  (AUV’s)  represent  the 
next  logical  step  in  offshore  operational  capability  and 
hold  the  promise  of  significantly  reducing  costs.  Before 
this  becomes  a  reality,  however,  many  obstacles  must  be 
overcome  with  navigation  being  one  of  the  most 
significant.  An  object-oriented  system  architecture  is 
proposed  as  being  highly  suited  to  the  integrated 
navigation  of  autonomous  vehicles.  This  paper  presents 
insights  gained  on  AUV  navigation  system  design 
obtained  while  fielding  an  AUV  system  equipped  with  a 
state-of-the-art  suite  of  sensors. 

Autonomous  Underwater  Vehicles 


ABSTRACT 

The  development  of  autonomous  underwater  vehicles 
(AUVs)  has  finally  reached  the  point  that  their  use  on 
commercial  projects  is  now  being  seriously  considered. 
Much  of  the  research  and  development  efforts  to  date 
have  been  funded  primarily  by  military  organizations  to 
meet  defense  objectives.  In  this  paper  the  authors 
examine  the  navigation  problems  and  their  potential 


AUVs  are  a  subset  of  Unmanned  Undersea  Vehicle's 
(UUV's).  The  type  and  construction  of  these  vehicles  is 
dependent  on  the  mission  requirements.  A  vehicle  may 
have  only  a  forward  propulsion  system  (i.e.:  single 
propeller)  or  have  hovering  and  station-keeping  capability 
in  six  degrees  of  freedom  provided  by  multiple  thrusters. 
The  size  of  a  system  depends  on  the  application  or  mission 
oftheUUV. 
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A  UUV  is  always  tethered  to  a  support  ship  and  uses  this 
tether  for  both  power  and  control.  Therefore,  very  high 
power  levels  are  available  and  a  high  communication 
bandwidth  is  possible,  particularly  if  a  fiber-optic  telemetry 
system  is  used.  The  key  feature  of  a  UUV  is  extended  work 
time  on  site  and  it  is  most  capable  for  large  projects  at 
specific  locations.  On  the  downside,  a  host  platform  with  an 
expensive  crew  and  facilities  is  required,  maneuvering 
range  is  limited,  tether  handling  systems  are  expensive, 
operations  are  limited  by  sea  state,  and  tether  drag  limits 
vehicle  capabilities. 

An  AUV  may  communicate  with  the  support  ship  with  a 
standard  cable,  a  fiber-optic  cable,  an  acoustic  telemetry 
link  or  via  an  RF  link.  The  distinguishing  feature  of  an 
AUV  is  that  it  is  self-powered.  Therefore,  longer  ranges 
from  the  support  ship  are  possible  since  there  is  no  large 
tether  to  manage.  This  also  minimizes  tether  effects  on 
vehicle  performance.  In  some  applications  fiber-optic 
payout  packs  are  used  to  extend  high  bandwidth 
communication  range  from  the  support  ship.  A  minimal 
crew  is  required,  and  potentially,  operations  may  be 
conducted  at  a  much  lower  cost  than  with  tether-powered 
systems.  On  the  downside,  limited  battery  capacity  may 
reduce  vehicle  range  significantly.  Lead-acid  batteries 
provide  a  low  tech,  low  cost  solution,  but  only  give  a  4  to  8 
hour  vehicle  life.  Silver-zinc  batteries  provide  a  medium 
tech,  high  cost  solution  and  give  15  to  40  hours  of 
operational  life.  Aluminum-oxygen  fuel  cells  provide  a 
medium  tech,  high  cost  solution  and  give  80  plus  hours  of 
operational  life. 

A  typical  mission  for  an  AUV  would  be  medium-  to  long 
range  (1  to  20  km)  and  cover  a  medium-  to  large  survey 
area.  A  host  platform  would  be  required  for  launch  and 
recovery  operations,  to  provide  mission  planning  updates, 
and  for  sensor  information  processing.  The  AUV's 
navigation  capability  may  include  an  inertial  navigation 
unit  with  doppler  velocity  and  magnetic  heading  aids. 
Acoustic  beacons  may  also  be  available  for  positioning.  An 
AUV  would  typically  be  equipped  with  a  side  scan  sonar,  a 
laser-line-scan  imaging  system,  a  video  imaging  system,  a 
laser  ranging  system  and  magnetic  sensors. 

The  closest  relatives  of  the  AUV  from  a  navigation 
perspective  are  the  cruise  missile  and  the  torpedo,  and 
even  this  analogy  breaks  down  quickly.  The  requirements 
to  navigate  autonomously  over  long  distances  are  similar; 
however,  a  weapons  goal  is  to  intercept  its  target  while 
moving,  whereas  an  AUV  may  have  to  hover,  sample 
data  at  a  specific  point  and  move  on  to  the  next  target. 


Navigation  System  Requirements  For  AUVs 

The  exact  context  experienced  by  the  navigation  system 
on  an  AUV  is  difficult  to  define.  Traditionally,  navigation 
systems  have  been  called  upon  to  determine  the  position 
and  velocity  of  a  vehicle  and  to  provide  guidance 
information  to  reach  a  desired  goal.  In  more  recent  times, 
interaction  with  control  systems  has  become 
commonplace.  The  ultimate  AUV  navigation,  guidance 
and  control  (NGC)  system  would  be  capable  of 
computing  position,  velocity,  acceleration  and  attitude  of 
a  vehicle  from  all  available  sensors,  interacting  in  an 
optimal  manner  with  the  vehicle’s  control  system  and 
interpreting  sensor  data  to  generate  guidance  information 
pertinent  to  the  vehicle’s  safety  and  the  mission's 
objectives.  Rather  than  try  to  design  a  system  capable  of 
performing  all  of  these  objectives  immediately,  a  staged 
approach  based  on  an  extensible  architecture  is  proposed. 
This  meshes  well  with  the  current  level  of  development  of 
AUV's  and  allows  the  architecture  to  be  applied  to  non- 
AUV  applications  in  order  to  reduce  costs. 

The  varying  degrees  of  autonomous  operation  currently 
implemented  in  AUV’s  allow  NGC  problems  to  be  solved 
in  stages.  Having  a  high-bandwidth  tether  allows  all  of 
the  sensor  data  to  be  uploaded  to  computers  on  a  support 
ship  and  allows  control  data  to  be  downloaded  to  the 
vehicle's  control  system.  Operators  on  the  support  ship 
may  then  perform  many  of  the  more  advanced  functions 
which  the  NGC  system  would  have  to  perform  for  true 
autonomous  operation.  For  example,  the  designer  of  the 
navigation  system  in  a  tethered  AUV  may  first 
concentrate  on  decoding  and  organizing  the  sensor  data 
so  that  during  operations  the  system  can  be  manually 
configured  to  suit  different  operational  modes.  The  next 
stage  would  be  to  automate  the  configuration  to  match  the 
modes.  Having  an  operator  manipulate  the  control  system 
of  the  AUV  removes  the  requirement  for  direct  subsystem 
coupling  in  the  early  design  stages.  As  each  subsystem 
becomes  more  robust,  it  can  be  coupled  and  then  tested, 
with  an  operator  ready  to  take  over  control  in  the  event  of 
any  irregularities. 

The  guidance  functionality  assigned  to  the  navigation 
system  provides  the  most  challenging  portion  of  the 
system  design.  The  fundamental  requirements  are  to 
travel  to  waypoints  and  to  follow  pre-programmed  survey 
lines,  and  these  are  easily  solved.  If  sensors  which  can 
observe  the  surrounding  physical  environment  are 
installed  on  the  vehicle,  their  output  may  be  interpreted  to 
produce  guidance  information  in  order  to  avoid  local 
obstacles  and  to  identify  features  important  to  the 
mission's  objectives.  Having  an  observer  available  to 
interpret  the  sensor  output  allows  automated  guidance 
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decisions  to  be  removed  from  the  system's  functionality  in 
early  design  stages. 

Implementation  of  the  of  the  extensible  architecture 
requires  the  functionality  of  the  system  to  be  examined  in 
general  terms.  The  system  must  be  capable  of  decoding 
data  from  many  sensors,  and  organizing  these  data  into 
logical  structures.  These  structures  must  be  optimally 
combined  to  compute  the  vehicle’s  position,  velocity  and 
attitude.  The  current  operational  mode  of  the  vehicle  must 
be  determined  and  any  guidance  calculations,  such  as  the 
range  and  bearing  to  a  waypoint,  must  be  made.  The 
results  must  be  presented  to  the  control  system  for 
thruster  and  control  surface  activation. 

The  data  provided  by  the  sensors  may  be  classified  into 
the  following  functional  groups:  position  data;  velocity/ 
acceleration  data;  attitude  data;  and,  remote  sensing  data. 
Each  of  these  data  groups  has  its  own  characteristics. 
Position  data  provide  enough  information  to  establish  the 
coordinates  of  a  vehicle.  GPS  is  an  example  of  a 
positioning  system.  Velocity/acceleration  data  measure 
the  dynamics  of  the  vehicle.  A  doppler  speed  log  is  an 
example  of  a  velocity/acceleration  system.  Velocity  and 
acceleration  data  are  particularly  useful  as  input  to  control 
systems.  Attitude  data  provide  information  on  the 
orientation  of  a  vehicle  in  three  dimensions.  Magnetic 
heading  is  an  example  of  attitude  data.  Attitude  data  are 
also  useful  to  the  vehicle's  control  system.  Remote 
sensing  data  provide  the  vehicle  with  information  on  the 
outside  world.  Side  scan  sonar  is  an  example  of  remote 
sensing  data.  Although  remotely  sensed  data  are  not 
considered  position  information,  one  must  know  the 
position  and  attitude  of  the  vehicle  in  order  to  interpret 
the  data. 

The  interactions  among  these  sensors  is  complex  and 
dynamic.  In  order  for  one  system  to  contribute  to  the 
knowledge  of  the  vehicle's  state  or  its  surroundings,  data 
from  other  sensors  may  have  to  be  considered.  The 
sensors  produce  large  volumes  of  data  which  must  be 
processed  and  recorded.  Fortunately,  advances  in 
computer  hardware  and  software  are  making  this  problem 
tractable.  Object-oriented  software  design  has  been 
successfully  applied  to  AUV  navigation  and  offers  the 
flexibility  to  provide  a  system  which  is  capable  of 
combining  many  types  of  data  in  many  modes. 

Object-Oriented  Navigation  System  Design 

Object-oriented  programming  is  a  recently  developed 
programming  paradigm  which  allows  systems  to  be 
configured  in  a  much  more  dynamic  fashion  than  was 
formerly  possible.  Pelagos’  WinFrog  system  was 


designed  using  object-oriented  technology  to  allow 
maximum  configuration  flexibility.  The  primary 
challenge  for  the  AUV  navigation  is  to  allow  switching 
among  the  sources  of  position  data  from  various  sensors 
and  to  feed  different  data  to  various  devices  during 
different  operational  modes.  In  addition,  using  the  C++ 
programming  language  and  object-oriented  design 
techniques  permits  implementation  details  of  the  objects 
used  in  the  software  to  be  hidden  from  each  other  and 
thus  to  prevent  undesirable  interactions.  This  technique 
lends  itself  to  team  programming  and  allows  individual 
programmers  to  concentrate  on  the  object  they  are 
assigned  to  develop.  C++  also  provides  an  inheritance 
mechanism  which  may  be  used  during  the  design  stage  to 
define  fundamental  Base  Classes  which  may  be  then  used 
to  derive  Classes  which  implement  the  details  of  the 
application.  Base  Classes  act  as  templates  for  Derived 
Classes,  thus  forcing  consistency  of  functionality  during 
development.  A  Base  Class  is  used  as  a  template  for 
functions  which  control  the  general  operation  of  all  the 
Derived  Classes.  The  Derived  Classes  are  given  a  group 
of  data  variables  appropriate  to  the  purpose  of  the  Class, 
and  the  functions  from  the  Base  Class  are  overridden  to 
act  on  these  variables.  In  addition  to  holding  data,  some 
of  these  classes  are  used  to  hold  configuration 
information. 

Modem  navigation  systems  must  be  capable  of  dealing 
with  multiple  vehicle  situations  efficiently.  Consequently, 
a  Vehicle  Class  has  been  developed  to  encapsulate  the 
functionality  of  all  of  the  vehicles  with  which  the  system 
must  deal.  This  class  provides  waypoint  and  line  tracking, 
graphical  presentation,  and  position  calculations.  The 
position  is  part  of  a  State  Class  which  also  contains  the 
heading,  elevation,  attitude  and  the  dynamics  of  the 
vehicle.  The  State  Class  can  propagate  itself  and  its 
covariance  matrix  through  time,  and  may  be  updated  by 
measurements  as  they  become  available. 

These  measurements  are  represented  by  derivations  of  the 
Data  Records  Base  Class.  Data  Records  have  an 
updateState  function  which  is  used  to  make  a 
measurement  contribution  to  a  Vehicle  *s  State;  it  also  has 
a  configuration  function  which  is  used  to  define  how  the 
contribution  is  made.  For  example,  a  Position  is  an 
example  of  a  Data  Record.  A  Position  contains  latitude, 
longitude,  accuracy  and  offset  data  members.  The 
updateState  function  uses  the  heading  contained  in  the 
State  Class  to  move  the  latitude  and  longitude  by  the 
offset  amount  where  they  can  be  combined  with  the  State 
Class  position.  The  configuration  function  produces  a 
dialog  box  in  order  to  edit  the  offsets  and  accuracy. 
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The  Data  Records  Base  Class  has  been  used  to  derive  the 
following  set  of  Classes  used  for  the  AUV’s  navigation 
system: 

Position  Class:  This  Class  encapsulates  the  concept  of  a 
position  measurement.  It  has  configurable  x,  y  and  z 
offsets  and  accuracy.  The  dialog  box  displayed  when  the 
configuration  function  is  selected  is  shown  below: 


Heading  Class:  This  Class  encapsulates  the  concept  of  a 
heading  measurement.  It  has  a  configurable  offset  and 
accuracy. 


Velocity  Class:  This  class  encapsulates  the  concept  of 
dual-axis  velocity  measurements  relative  to  the  water  or 
to  the  bottom.  These  velocities  may  be  vehicle-  or  north 
referenced.  This  class  has  configurable  offsets  and 
accuracy. 

Attitude  Class:  This  class  encapsulates  the  concept  of 
pitch,  roll  and  yaw  measurements  which  have  an  accuracy 
associated  with  them.  It  has  configurable  x,  y  and  z 
offsets. 

Elevation  Class:  This  Class  encapsulates  the  concept  of 
an  elevation  measurement.  The  Elevation  Class  has  a 
configurable  z  offset  and  accuracy. 

USBL  Hydrophone  Class:  This  class  encapsulates  the 
concept  of  a  ship-mounted  hydrophone.  It  gathers  the 
position  and  orientation  of  the  vehicle  with  which  it  is 
associated  and  no  measurements  are  produced.  It  has 
configurable  x,  y  and  z  offsets. 

USBL  Beacon  Class:  This  class  encapsulates  the  concept 
of  relative  range,  bearing,  and  elevation  angle 


measurements  made  from  a  ship-mounted  hydrophone  to 
a  beacon.  The  measurements  may  be  converted  to  an 
absolute  position  using  the  position  and  orientation  of  a 
USBL  Hydrophone  Class.  The  Beacon  Class  has 
configurable  x,  y  and  z  offsets  and  accuracy. 

Each  Vehicle  contains  an  array  of  Data  Records  which 
are  used  to  update  its  State.  A  Communication  Device 
Base  Class  is  used  to  encapsulate  the  functionality  of  the 
devices  connected  to  the  computer.  Derived  Classes 
contain  an  array  of  Data  Records  corresponding  to  the 
types  of  measurements  supplied  by  the  device  being 
modeled.  A  read  function  parses  input  into  the  Data 
Records  array.  An  update  function  is  provided  to  copy 
Data  Records  from  the  Communication  Device’s  Data 
Records  array  to  the  Vehicle 's  Data  Records  array  where 
they  can  be  used  to  update  its  State.  A  configure  function 
is  provided  to  remotely  control  the  settings  of  the  device. 
In  addition  to  providing  actual  Data  Records,  the 
Communication  Device  Classes  provide  a  list  of  names  of 
the  Data  Records  they  are  capable  of  providing.  Vehicles 
have  a  function  to  display  the  names  and  let  an  operator 
select  which  Data  Records  are  to  be  used.  This 
mechanism  provides  an  extremely  dynamic  calculation 
environment. 

The  Main  Program  is  used  to  hold  all  of  the  Vehicles  and 
Communication  Devices,  provide  the  menu  and  toolbar 
functionality,  provide  a  parent  window  for  displaying  the 
child  windows  and  drive  real-time  operation  of  the 
system.  This  is  where  data  from  Communication  Devices 
are  gathered  and  passed  to  Vehicles,  as  required. 

XP-21  AUV  SUMMER  1995  SEA  TRIALS 

In  July  1995,  ART’s  XP-21  AUV  was  demonstrated  in 
Scotland.  The  XP-21  is  capable  of  maneuvering  in  six 
degrees  of  freedom  and  was  equipped  with  a  fiber-optic 
tether  for  the  trials.  During  the  demonstration,  operators 
were  used  to  run  the  navigation  system,  vehicle  control 
system,  and  to  interpret  the  data  from  the  sensors.  The 
control  system  was  interfaced  directly  to  a  compass, 
attitude  sensor,  pressure  sensor  and  a  doppler  speed  log. 
The  mission  objectives  were  to  demonstrate  an  AUV’s 
applicability  for  mine-hunting  and  pipeline  inspection. 
For  the  mine-hunting  phase,  several  mine  shaped-objects 
were  placed  on  the  bottom  for  inspection  by  the  AUV. 
For  the  pipeline  inspection  phase,  an  actual  pipeline  in  the 
area  was  used. 

Data  fusion  was  accomplished  using  Pelagos’  WinFrog 
Integrated  Navigation  and  Data  Management  system.  A 
host  computer  located  on  the  support  vessel  was 
interfaced  to  the  INU  with  a  serial  interface  multiplexed 
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over  the  fiber-optic  cable,  and  to  the  Vehicle  Operating 
System  (VOS),  which  was,  in  turn,  interfaced  to  the  rest 
of  the  sensors  on  the  vehicle.  The  INU  and  VOS  were 
both  modeled  as  Communication  Devices  Class 
derivations.  The  INU  Communication  Device  Class  was 
given  a  configure  function  to  allow  the  operator  to 
remotely  control  operation  of  the  set.  The  dialog  box 
produced  when  the  configure  function  is  executed  is 
shown  below: 


This  dialog  box  allows  various  initialization  data  to  be 
entered  and  various  modes  of  operation  to  be  set. 

The  following  sensors  were  installed  on  the  vehicle  and 
interfaced  to  the  host  computer  on  the  support  ship: 

Sensor  Name:  RDI  Doppler  Current  Profiler 
System  Type:  Doppler  Velocity  Sensor 
Input  Required:  None 

Data  Produced:  Vehicle  relative  Velocity  Data  Records. 
This  system  is  interfaced  via  the  VOS  Communication 
Device  Class. 

Sensor  Name:  Litton  LN- 1 00 

System  Type:  Inertial  Navigation  Unit  (INU) 

Input  Required:  Position,  Velocity,  Elevation  and 
Heading  Data  Records  are  required  to  initialize  the  INU 
on  a  moving  platform.  Velocity,  Heading  and  Elevation 
Data  Records  are  used  to  control  errors  during  operation. 
Position  Data  Records  may  be  sent  to  the  INU  if  they  are 
available. 


Data  Produced:  Position,  Velocity,  Heading,  Attitude, 
and  Elevation  Data  Records,  This  system  is  interfaced  via 
the  INU  Communication  Device  Class. 

Sensor  Name:  KVH  Flux  Gate 
System  Type:  Magnetic  Heading  Sensor 
Input  Required:  None 

Data  Produced:  Heading  Data  Records.  This  system  is 
interfaced  via  the  VOS  Communication  Device  Class. 

Sensor  Name:  Trackpoint  Beacon 

System  Type:  Ultra  Short  Baseline 

Input  Required:  USBL  Hydrophone  Data  Records 
Data  Produced:  USBL  Beacon  Data  Records.  This 
system  is  interfaced  via  the  Trackpoint  Communication 
Device  Class. 

Sensor  Name:  Paroscientific  Pressure  Sensor 
System  Type:  Pressure-Derived  Depth 
Input  Required:  None 

Data  Produced:  Elevation  Data  Records.  This  system  is 
interfaced  via  the  VOS  Communication  Device  Class. 

In  addition  to  the  sensors  on  the  vehicle,  several  sensors 
were  mounted  on  the  support  ship  and  interfaced  to  the 
host  computer.  Each  of  these  sensors  was  modeled  as  a 
Communication  Devices  Class  derivation. 

The  following  sensors  were  installed  on  the  support  ship 
and  interfaced  to  the  host  computer: 

Sensor  Name:  Trimble  DGPS 
System  Type:  Differential  GPS 
Input  Required:  RTCM  Data 

Data  Produced:  Position,  Velocity,  and  Elevation  Data 
Records.  This  system  is  interfaced  via  the  NMEA  GPS 
Communication  Device  Class. 

Sensor  Name:  KVH  Flux  Gate 
System  Type:  Magnetic  Heading 
Input  Required:  None 

Data  Produced:  Heading  Data  Records.  This  system  is 
interfaced  via  the  KVH  Communication  Device  Class. 

Sensor  Name:  Trackpoint  Hydrophone 
System  Type:  Ultra  Short  Baseline 
Input  Required:  Position  and  Heading  Data  Records 
Data  Produced:  None.  This  system  is  interfaced  via  the 
Trackpoint  Communication  Device  Class. 

Once  all  of  the  Communication  Devices  were  interfaced 
to  the  host  computer,  the  operator  could  associate  Data 
Records  with  a  vehicle  using  a  dialog  box  which  provides 
a  list  of  all  the  Data  Records  supplied  by  all  of  the 
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Communication  Devices.  An  example  of  the  dialog  box  is 
shown  below; 


Select  Data  Items 


rGPS,NMEAGPSPOS!IiO 


GYROPVHl, HEADING 
USBLTRACKPOINPUSBL  HYDROPHONE 
USBLTRACKPOINTPEACON 
INULN-IOOPOSITION 
INUXN-100,HEADING 
INUXN-1 OOPLEVATION 
INULN-IOO^VELOCITY 
INU,LN-100,ATTITUDE 
VOS,XP-21  ^VELOCITY 
VOS,XP-21, HEADING 
VOS,XP-21PLEVATION 


§1 


For  the  sea  trials  the  support  ship  had  the  following  Data 
Records  associated  with  it: 


System 

Name 

Data  Record 

GPS 

NmeaGps 

Position 

Gyro 

KVHl 

Heading 

USBL 

Trackpoint 

USBL  Hydrophone 

Various  operational  modes  were  identified  and  had  to  be 
performed  during  the  demonstration.  The  operator  would 
set  up  the  navigation  system  by  designating  the 
appropriate  Data  Records  as  a  Primary  system  to  be  used 
to  update  the  state  and  setting  the  rest  to  Secondary  so 
they  would  only  be  monitored.  The  Communication 
Devices  Classes  were  then  used  to  set  up  the  sensors  to 
accept  any  necessary  data.  The  following  outlines  the 
operational  modes  along  with  their  system  requirements: 

Operational  Mode:  Transiting  to  site 
Guidance  Requirements:  The  support  ship  uses  its  Data 
Records  to  compute  its  State,  The  range  and  bearing  to 
the  launch  point  are  computed,  and  pre-programmed 
charts  are  used  to  avoid  obstacles. 

Navigation  System  Requirements:  The  INU  on 

the  vehicle  requires  Position,  Velocity,  Heading  and 
Altitude  Data  Records  to  initialize.  To  accomplish  this 
Position  and  Velocity  Data  Records  from  the  DGPS 
system  and  the  Heading  Data  Record  from  the  compass 
on  the  ship  were  associated  with  the  vehicle  and  set  to 
Primary.  The  USBL’s  Beacon  Data  Record  was  set  to 
Secondary.  The  INU’s  Position,  Heading,  Elevation, 
Velocity  and  Attitude  Data  Records  were  set  to  be 
secondary.  The  VOS's  Velocity,  Heading,  and  Elevation 
Data  Records  were  also  set  to  Secondary.  The  INU 
Communication  Devices  Classes  configuration  dialog  box 
was  used  to  set  the  system  to  Sea  Align  Mode  with  PVT 
(Position  Velocity  and  Time)  messages  on.  The  position 
and  velocity  of  the  State  were  then  fed  into  the  INU  to  let 
the  system  initialize  at  sea. 


For  the  sea  trials  the  vehicle  had  the  following  Data 
Records  associated  with  it: 


System 

Name 

Data  Record 

USBL 

Trackpoint 

Beacon 

INU 

LN-lOO 

Position 

INU 

LN-100 

Heading 

INU 

LN-lOO 

Elevation 

INU 

LN-100 

Velocity 

INU 

LN-100 

Attitude 

VOS 

ART 

Velocity 

VOS 

ART 

Heading 

VOS 

ART 

Elevation 

VOS 

ART 

Attitude 

Once  the  Data  Records  had  been  associated  with  the 
support  ship  and  the  vehicle,  it  was  possible  to  configure 
each  Data  Record  independently.  The  operator  could  then 
dynamically  configure  the  data  flow  and  state  calculation 
as  the  vehicle  changed  modes. 


Operational  Mode:  Vehicle  Deployment 
Guidance  Requirements:  Autonomous  navigation 

begins  as  the  vehicle  is  launched  from  the  support  ship 
and  transits  to  the  sea  bottom.  The  navigation  system's 
graphics  displays  are  used  to  track  the  support  ship  and 
vehicle's  locations  and  to  avoid  obstacles  using  pre¬ 
programmed  charts. 

Navigation  Requirements:  The  INU  Communication 
Devices  Class's  configuration  dialog  box  was  used  to  set 
the  system  to  Sea  Navigation  Mode  and  turn  PVT 
messages  off  The  INU's  Position,  and  Velocity  Data 
Records  and  the  VOS's  Elevation,  Heading  and  Attitude 
Data  Records  were  set  to  be  Primary.  Once  the  vehicle 
was  underwater,  the  graphic  output  for  the  USBL's 
Beacon  Data  Record  was  turned  on  to  allow  visual 
position  comparison. 

Operational  Mode:  Finding  initial  point 
Guidance  Requirements:  The  vehicle  travels  to  the 
initial  point  using  the  navigation  data  to  generate  range 
and  bearing  and  the  sensor  data  to  avoid  local  obstacles 
and  stay  close  to  the  bottom.  The  navigation  system's 
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graphics  displays  are  used  to  track  the  support  ship  and 
vehicle's  locations  and  to  avoid  obstacles  using  pre¬ 
programmed  charts. 

Navigation  Requirements:  Once  the  Doppler  Sonar 
acquired  bottom  lock,  it  could  be  used  to  contribute  to  the 
vehicle's  State.  The  INU's  Velocity  Data  Record  was  set 
to  Secondary  and  the  VOS's  Velocity  Data  Record  was  set 
to  Primary.  The  INU  Communication  Devices  Class's 
configuration  dialog  box  was  used  to  turn  on  HVEL 
messages  which  fed  velocity,  heading  and  elevation  from 
the  vehicle's  State  to  the  INU. 

Operational  Mode:  Surveying 

Guidance  Requirements:  The  vehicle  uses  the 
navigation  data  to  follow  the  lines  and  the  sensor  data  to 
avoid  local  obstacles  and  stay  close  to  the  bottom.  As 
targets  of  interest  are  identified,  they  may  logged  by  the 
navigation  system  and  investigated  more  closely. 
Navigation  Requirements:  The  requirements  for 

the  navigation  system  are  essentially  the  same  as  when 
finding  the  initial  point.  Velocity,  elevation  and  heading 
are  derived  from  the  sensors  interfaced  via  the  VOS  and 
are  fed  to  the  INU.  Position  is  derived  from  the  INU  and 
the  USBL  system  is  used  to  graphically  keep  track  of  the 
drift  in  the  INU.  Occasionally,  the  INU  was  updated  by 
sending  it  the  position  of  the  USBL  Beacon  Data  Record 
via  the  INU  Communication  Devices  Class's 
configuration  dialog  box. 

Operational  Mode:  Recovering  vehicle 
Guidance  Requirements:  The  vehicle  uses  the 
navigation  data  to  travel  directly  to  the  surface  while  the 
support  ship  positions  itself  for  recovery.  The  navigation 
system's  graphics  displays  are  used  to  track  the  support 
ship  and  vehicle's  locations  and  to  avoid  obstacles  using 
pre-programmed  charts  The  support  ship  locates  the 
vehicle,  attaches  a  tether  and  recovers  it. 

Navigation  Requirements:  The  Doppler  Sonar 

loses  bottom  lock  and  can't  be  used  to  contribute  to  the 
vehicle's  State.  The  VOS's  Velocity  Data  Record  was  set 
to  Secondary  and  the  INU's  Velocity  Data  Record  was  set 
to  Primary.  The  INU  Communication  Devices  Class's 
configuration  dialog  box  was  used  to  turn  off  HVEL 
messages.  The  USBL's  Beacon  Data  Record  was  used  for 
visual  position  comparison. 

FUTURE  DEVELOPMENTS  WITH  XP-21  SENSOR 
SUITE 

The  navigation  system  implemented  for  the  1995  sea 
trials  was  used  to  support  operation  of  the  vehicle  in  a 
tethered  mode  with  an  operator  in  the  loop.  The  first  set 
of  improvements  should  be  to  automate  the  configuration 
changes  required  to  implement  the  operational  modes 


identified  in  the  last  section.  This  would  allow  the  system 
to  be  initialized  and  operate  without  the  need  for  an 
operator.  The  next  step  would  be  to  improve  the  absolute 
positioning  capabilities  of  the  system.  The  current  system 
requires  a  support  ship  with  a  USBL  system  to  monitor 
the  drift  of  the  INU,  a  requirement  which  would  not  be 
practical  for  autonomous  operations.  The  following 
operational  modes  have  differing  requirements  for 
absolute  positioning: 

Operational  Mode:  Point  sampling 
Guidance  Requirements:  The  vehicle  must  identify  the 
point  of  interest  and  then  hold  a  stable  position  relative  to 
the  point  to  be  sampled. 

Navigation  Requirements:  The  control  system  requires 
high-frequency  data  to  hold  a  stable  position.  This  is 
normally  accomplished  by  using  the  doppler  speed  log. 
The  problem  with  this  is  that  there  are  no  bounds  on  the 
position  error,  and  the  hover  point  may  drift  with  time. 
The  navigation  system  must  control  this  position  error 
relative  to  the  point  of  interest  with  a  high  degree  of 
precision  Identifying  the  point  of  interest  is  considered 
outside  the  context  of  the  navigation  system;  however,  the 
image  may  be  required  to  assist  with  station-keeping. 

Operational  Mode:  Autonomous  linear  surveying 
Guidance  Requirements:  The  vehicle  must  traverse  a 
pre-deflned  route  while  taking  data  samples. 

Navigation  Requirements:  The  absolute  position  of  the 
vehicle  must  be  determined  to  a  level  necessary  to  stay  on 
the  track  and  to  allow  the  data  being  collected  to  be 
interpreted  properly. 

Operational  Mode:  Docking 

Guidance  Requirements:  Vehicle  must  identify  the 
docking  point  and  then  close  slowly  in  on  it. 

Navigation  Requirements:  The  position  of  the  vehicle 
relative  to  the  docking  point  must  be  determined  with  a 
high  degree  of  accuracy. 

These  requirements  may  be  met  by  using  imaging  sensors 
which  are  not  thought  of  as  traditional  navigation  system 
inputs.  The  data  produced  by  an  imaging  sensor  may  be 
combined  with  navigation  data  to  produce  digital 
representations  of  the  area  over  which  the  vehicle  travels. 
These  representations  may  then  be  correlated  with 
previously  captured  representations  in  memory  to  provide 
absolute  positioning  capabilities  to  the  system.  The  most 
concrete  example  of  this  type  of  navigation  is  terrain 
contour  matching.  From  a  software  perspective  the 
imaging  data  must  then  be  fused  with  navigation  data  and 
passed  on  to  the  specialized  processes  for  correlation  with 
stored  data.  When  correlations  are  made,  the  results  are 
passed  back  to  the  navigation  system  as  Position  Data 
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Records  which  allows  them  to  be  logged  and  presented  to 
the  vehicle’s  control  system.  The  specialized  processes 
are  considered  to  be  outside  the  context  of  the  navigation 
system  and  may  even  reside  on  other  computers  and  be 
accessible  over  a  network. 

The  following  imaging  sensors  were  mounted  on  the 
vehicle,  but  were  not  used  in  the  navigation  solution: 

Sensor:  EG&G  DF-1000 
System  Type:  Sidescan  sonar 

Input  Required:  Position,  Elevation  and  Attitude  Data 
Records 

Data  Produced:  Geo-referenced  sonar  backscatter  scans 
are  produced  by  combining  sonar  scans  with  position 
data.  These  scans  may  combined  to  produce  a  mosaic 
image  of  the  area  over  which  the  vehicle  travels.  Features 
identified  on  this  mosaic  may  be  compared  to  features 
stored  from  a  previous  survey  and  correlations  may  be 
converted  into  a  position  with  an  accuracy  estimate. 
These  may  contribute  to  the  vehicle’s  State  by  using  the 
Position  Data  Record  model.  The  vehicle  must  be 
moving  to  produce  a  mosaic,  so  these  data  are  not  useful 
during  hovering  maneuvers. 

Sensor:  ART  LLSS-4096 

System  Type:  Laser  imaging  system 

Input  Required:  Position,  Elevation  and  Attitude  Data 

Records 

Data  Produced:  Geo-referenced  laser  scans  are 
produced  by  combining  laser  scans  with  position  data. 
These  scans  may  combined  to  produce  a  mosaic  image  of 
the  area  over  which  the  vehicle  travels.  Features  identified 
on  this  mosaic  may  be  compared  to  features  stored  from  a 
previous  survey  and  correlations  may  be  converted  into  a 
position  with  an  accuracy  estimate.  These  may  contribute 
to  the  vehicle’s  State  by  using  the  Position  Data  Record 
model.  The  vehicle  must  be  moving  to  produce  a  mosaic, 
so  these  data  are  not  useful  during  hovering  maneuvers. 

Sensor:  Video  Camera 

System  Type:  Video  imaging  system 

Input  Required:  Position,  Elevation  and  Attitude  Data 

Records 

Data  Produced:  Stabilized  video  images  are  produced 
by  combining  video  images  with  position  and  attitude 
data.  Rather  than  use  the  images  to  produce  a  mosaic, 
these  may  be  used  most  effectively  to  provide  a  precise 
position  relative  to  an  object  in  view,  as  is  required  during 
point  sampling  mode.  Once  a  feature  has  been  identified 
on  one  frame,  the  vehicle's  position  is  noted  and  any 
deviations  of  the  image  from  its  original  location  are 
converted  to  distances  and  combined  with  the  initial 
position  to  derive  a  position  with  an  accuracy  estimate. 


These  may  contribute  to  the  vehicle's  State  by  using  the 
Position  Data  Record  model.  For  precise  positioning 
requirements,  image  matching  may  be  used  to  remove 
low-frequency  drift  from  the  Doppler  velocity  sensor. 

Sensor:  Reson  Sea-Bat 

System  Type:  Multibeam  look-ahead  sonar 

Input  Required:  Position,  Elevation  and  Attitude  Data 

Records 

Data  Produced:  Geo-referenced  bathymetry  swaths  are 
produced  by  combining  this  system's  scans  with  position 
data.  These  scans  may  combined  to  produce  a 
bathymetric  map  of  the  area  over  which  the  vehicle 
travels.  Profiles  derived  from  this  map  may  be  compared 
with  a  map  stored  from  a  previous  survey,  and 
correlations  may  be  converted  into  a  position  with  an 
accuracy  estimate.  These  may  contribute  to  the  vehicle’s 
State  by  using  the  Position  Data  Record  model.  The 
vehicle  must  be  moving  to  produce  a  profile,  so  these  data 
are  not  useful  during  hovering  maneuvers.  Terrain 
contour  matching  is  the  most  viable  of  the  image¬ 
matching  techniques  due  to  its  proven  performance  on 
missile  systems  and  the  large  database  of  bathymetry 
currently  available. 

ADDITIONAL  POSITIONING  SENSORS 

In  addition  to  the  sensors  considered  so  far,  other  sensors 
may  be  used  to  derive  the  position  of  an  AUV.  Chief 
among  these  is  Long  Baseline  Acoustic  Navigation 
(LBL).  This  technique  involves  placing  and  precisely 
coordinating  transponders  on  the  sea  floor  and  measuring 
ranges  to  them  from  a  transceiver  on  the  AUV.  Sets  of 
these  ranges  may  then  be  used  to  compute  the  position  of 
the  transceiver,  LBL  systems  have  been  used  for  AUV 
positioning  in  local  areas  and  is  probably  the  most 
practical  method  for  computing  the  absolute  position  of  a 
non-tethered  vehicle. 

The  primary  restriction  on  using  LBL  techniques  for 
wider  area  navigation  is  the  cost  and  limited  range  of  the 
transponders.  By  using  the  relative  navigation  capabilities 
provided  by  the  dead-reckoning  sensors,  LBL  techniques 
may  be  extended  for  use  in  linear  surveys.  Transponders 
may  be  placed  along  the  route  and  spaced  such  that  only 
one  can  be  received  by  the  AUV  at  any  time.  As  the  AUV 
passes  a  given  transponder,  the  change  in  geometry 
provides  an  effective  update  to  the  vehicle’s  position. 
This  is  sometimes  referred  to  as  the  “bread-crumb” 
technique. 

One  of  the  major  limitations  of  this  technique  is  the 
requirement  for  deploying  and  coordinating  the 
transponders  along  the  route.  After  the  AUV  has  been 
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deployed  at  the  start  of  the  survey  area,  the  support  ship 
must  deploy  and  coordinate  the  transponders  along  the 
entire  route  and  then  return  to  the  AUV  to  download  the 
coordinates  of  the  transponders.  Using  a  support  ship  to 
perform  this  function  is  expensive  and  time-consuming 

COMPLEMENTARY  AUTONOMOUS  VEHICLES 

The  final  step  in  AUV  navigation  considered  in  this  paper 
is  the  use  of  complementary  vehicles.  Some  of  the 
navigation  problems  discussed  in  previous  sections  may 
be  overcome  by  using  more  than  one  vehicle  during  an 
operation.  In  addition  to  solving  navigation  problems, 
using  several  vehicles  allows  simultaneous  spatial 
sampling,  which  is  generally  not  possible  by  any  other 
method.  The  following  sensors  may  be  used  in  multiple 
vehicle  operations: 

Sensor:  Data  telemetry  and  local  USBL 
System  Type:  Acoustic  digital  telemetry 
Input  Required  :  None 

Data  Produced:  This  type  of  system  may  form  part  of  an 
integrated  communication  and  positioning  system. 
Several  transducers  may  be  placed  on  an  AUV  to  measure 
the  direction  of  an  incoming  communication  signal  by 
correlating  a  coded  start  of  message  sequence.  If  these 
directions  are  to  be  used  for  positioning,  the  location  of 
the  transmitter  must  be  known.  The  communication  link 
may  be  used  to  download  the  location  of  the  transmitter. 
The  position  of  the  vehicle  cannot  be  determined  with 
only  a  single  direction  measurement,  so  the  relative 
navigation  capabilities  provided  by  the  dead-reckoning 
sensors  must  be  used  to  gather  data  as  the  geometry 
between  the  two  vehicles  changes. 

Sensor:  AUV  mounted  GPS 
System  Type:  Global  Positioning  System 
Input  Required:  none 

Data  Produced:  Position  and  Velocity  Data  Records. 

Combining  the  data  telemetry,  local  USBL  and  AUV 
mounted  GPS  systems  provides  a  potential  solution  to 
absolute  positioning  over  long  areas.  One  vehicle  can 
travel  close  to  the  surface  to  get  GPS  fixes  and  use  the 
data  telemetry  system  to  transmit  its  position  to  another 
vehicle  on  the  bottom.  The  local  USBL  capabilities  of  the 
vehicle  on  the  bottom  may  then  be  used  to  determine  the 
direction  of  the  transmission  for  use  in  its  state 
calculation.  The  vehicle  near  the  surface  would  maneuver 
to  positions  suggested  by  the  vehicle  near  the  bottom  to 
provide  geometrical  strength  to  its  position,  as  required. 
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ABSTRACT 

Navstar  Systems  Ltd  is  closely  involved  with 
Dunstaffnage  Marine  Laboratory  (DML)  to  design 
and  develop  a  GPS  navigation  system  for  an 
Autonomous  Underwater  Vehicle  (AUV),  called 
Autosub,  currently  under  development.  The 
GPS  receiver  is  required  to  generate  a  position 
solution  while  the  AUV  is  surfaced,  under  a  range 
of  sea  states  that  interrupt  the  GPS  signal  due  to 
vessel  roll  and  periodic  wave  washover  of  the 
GPS  antenna. 


This  paper  is  the  third  in  a  series  detailing  the 
development  process.  The  first  paper  described 
the  physical  requirements  of  the  receiver, 
including  the  antenna  system,  and  the  simulation 
of  wave  washover  effects,  and  the  modelling  of 
ephemeris  collection  algorithms.  The  second 
paper  described  in  detail  the  various  techniques 
that  were  developed  in  the  receivers  firmware  to 
overcome  the  problems  of  frequent  intermittent 
loss  of  the  GPS  signal,  including  initial  acquisition 
and  ephemeris  collection  by  reconstituting  the 
small  contiguous  samples  of  data  collected. 


INTRODUCTION 

The  UK  Natural  Environment  Research  Council 
(NERC)  took  the  initiative  to  establish  the 
Autosub  Community  Research  Project  in  the  late 
1980’s,  following  international  concerns  about 
the  Earth’s  climatic  changes.  The  oceans  are  a 
major  contributing  factor  to  global  climate 
regulation,  although  the  actual  mechanisms  are 
currently  inadequately  understood.  To  further 
understand  the  process,  and  ultimately  generate 
a  predictive  model,  represents  a  formidable 
challenge.  Much  of  the  taw  data  about  the 
oceans  is  today  gathered  from  a  combination  of 
earth  observation  satellites  and  surface  vessels. 
Satellites  are  now  capable  of  remotely  sampling 
the  ocean  surface  whilst  ships  provide  the  deep 
ocean  measurements.  Both  of  these  methods 
remain  limited  in  their  capabilities  and  are 
obviously  costly  to  set-up,  operate  and  maintain. 
This  substantial  constraint  led  to  the  proposal  of 
using  autonomous  undenwater  vehicles  (AUV’s) 
to  perform  the  routine  data-gathering  tasks.  Such 
vehicles  would  work  well  in  the  open  oceans  and 
also  in  the  scientifically  important  but  generally 
inaccessible  polar  regions. 
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HISTORY 

Although  several  maritime  countries  are  currently 
developing  such  underwater  vehicles,  none  at 
present  exist  that  have  all  the  required  capacity  of 
payload,  depth  and  range  and  the  ability  to 
perform  extended  submerged  missions.  The 
Autosub  Community  Research  Project  was 
established  with  the  aim  of  using  current 
advances  in  technologies  to  establish  an  AUV 
capability  for  routine,  cost  effective  data  collection 
from  the  deep  oceans. 

The  AUV  is  being  designed  to  undertake 
extended  data  gathering  missions.  Part  of  the 
mission  requirement  is  for  the  vessel  to  surface 
periodically  to  upload  and  download  data  from  its 
control  base.  During  the  brief  period  on  the 
surface  the  AUV  will  use  GPS  to  determine  its 
position  and  to  correct  any  errors  that  have 
accumulated  during  the  submerged  phase  of  the 
mission. 


Dunstaffnage  Marine  Laboratory,  based  at  Oban, 
Scotland,  are  managing  the  satellite 
communications  features  of  the  project.  Navstar 
Systems  Ltd  are  involved  as  the  prime  GPS 
contractor  supplying  the  GPS  equipment  for  the 
harsh  environment  anticipated  for  the  AUV. 

THE  DEMONSTRATOR  VEHICLE 

A  %  size  scale  model  of  the  AUV  demonstrator 
vehicle  has  already  been  prepared  for 
hydrographic  tests  at  the  Defence  Research 
Agency.  The  full  size  demonstrator  will  be  7 
meters  in  length  with  a  mass  of  2.8  tonnes.  Of 
particular  interest  is  the  location  of  the  GPS 
antenna.  Early  design  stages  envisaged  that  the 
vehicle  would  surface  in  a  nose-up  attitude,  with  a 
nose  mounted  antenna.  It  now  seems  certain  that 
the  demonstrator  vehicle  at  least  will  surface 
horizontally,  and  use  a  tail-fin  mounted  antenna. 


Both  scenarios  have  been  examined  with  regard 
to  their  GPS  performance. 


SOFTWARE  CONSIDERATIONS 

A  conventional  GPS  receiver  utilises  the 
continuous  data  stream  of  the  GPS  satellites  to 
perform  synchronisation  and  demodulation  of  the 
satellite  data.  The  GPS  signal  structure  consists 
of  a  basic  frame  of  data,  repeated  every  30 
seconds.  Each  frame  is  comprised  of  5 
subframes,  three  of  which  contain  the  satellite 
ephemeris.  Each  subframe  consists  of  10  thirty- 
bit  words  with  the  first  two  words  in  each  subframe 
containing  synchronisation  and  timing  data. 
Traditionally,  GPS  receivers  collect  subframes  by 
continuous  signal  reception.  If  the  GPS  signal  is 
interrupted  during  a  subframe  transmission  the 
subframe  is  generally  collected  30  seconds  later 
when  repeated.  One  of  the  major  features  of  the 
AUV  installation  is  that  there  is  likely  to  be 
continual  wave  washover  of  the  GPS  antenna, 
resulting  in  a  signal  that  is  never  available  to  the 
receiver  for  the  duration  of  a  complete  subframe 
(6  seconds). 

Navstar  Systems  Ltd  undertook  to  modify  the 
receiver  software  from  its  standard  six-channel 
parallel  receiver,  the  XR5M6,  to  operate  in  this 
environment.  Known  as  the  Interrupted  Data 
Acquisition  Receiver  (IDAR),  this  project 
generated  some  challenging  problems  to  be 
solved  by  enhancing  the  receiver’s  software.  The 
three  main  areas  of  adaptation  included; 

1)  Initial  synchronisation  from  a  non- 
continuous  GPS  signal. 

2)  Reducing  the  reacquisition  time  to  a 
minimum  in  order  to  collect  data  bits 
rapidly. 

3)  Reconstruction  of  the  ephemeris 

subframes  from  the  small  non-contiguous 
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The  software  aspects  and  the  features  for  the 
Interrupted  Data  Acquisition  Receiver  were 
presented  in  a  paper  at  ION-94. 

UNINTERRUPTED  SIGNAL 
PERFORMANCE 


In  order  to  provide  a  baseline  for  test  analysis,  a 
pair  of  modified  XR5M6  GPS  receivers  were 
subjected  to  a  long  term  Time  To  First  Fix  (TTFF) 
characterisation.  The  object  of  the  exercise  was 
to  measure  the  elapsed  time  from  powering  on 
the  receiver  to  the  time  the  receiver  first 
generated  a  position  solution.  The  receiver 
software  had  been  specially  modified  such  that 
satellite  ephemerides  could  be  cleared  by 
command  and  the  receiver  reset.  Normally,  the 
XR5M  series  retains  satellite  ephemerides  in  non¬ 
volatile  memory  to  achieve  TTFF’s  of  less  than  30 
seconds.  By  clearing  the  ephemerides  the 
increased  TTFF  when  subjected  to  an  interrupted 
signal  could  be  measured  and  quantified.  With  an 
uninterrupted  signal  the  receivers  had  a  TTFF  of 
less  60  seconds,  of  which  30  seconds  can  be 
attributed  to  ephemeris  collection.  The  histogram 
below  summarises  the  TTFF  scatter  when  the 
receiver  had  its  ephemeris  cleared,  and  was  reset 
by  command,  in  excess  of  1200  times.  Over 
96.5%  of  the  measurements  generated  a  TTFF  of 
less  than  60  seconds,  with  the  average  TTFF 
being  44  seconds. 


TTFF  for  Autosub  GPS  Receiver 

Uninterrupted  Signals 


antenna  off  and  on.  The  program  was  designed 
to  produce  a  50:50  mark/space  ratio  control  signal 
at  a  user  selectable  period. 

Various  simulated  washover  periods  were 
performed  from  4V2  seconds  to  9  seconds.  For 
periods  of  less  than  4V2  seconds  the  receiver 
began  to  take  significantly  longer  to  generate  a 
first  solution.  This  is  partly  due  to  the  small 
amount  of  time  that  the  signal  is  available  (2V4 
seconds)  and  partly  due  to  the  period  beating 
with  the  satellite  data.  At  a  period  of  exactly  4V2 
seconds  there  are  exactly  four  such  simulated 
washover  cycles  every  three  complete 
subframes. 

The  graph  below  illustrates  how  the  TTFF 
histograms  shift  significantly  to  the  right  once  the 
period  drops  below  4.8  seconds.  Above  this 
figure  the  TTFF  is  affected  only  to  a  minimal 
extent. 


TTFF  for  50:50  washover 


MODEL  HULL  RESULTS 

The  next  testing  stage  consisted  of  recording  the 
actual  washover  motion  of  a  full  scale  model  of  the 
Autosub.  Affixed  to  the  rear  of  the  model  was  an 
instrumented  wave  staff  containing  six  optical 
immersion  switches. 


SIMULATED  50:50  WASHOVER 

In  order  to  simulate  an  interrupted  signal,  a  PC 
program  was  written  to  generate  a  control  signal 
output.  The  control  signal  was  used  to  operate  a 
relay  switching  the  co-axial  signals  from  the 
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The  switches  are  small,  reasonably  inexpensive, 
housed  in  a  polysulphone  body  and  contain  no 
moving  parts.  This  makes  them  ideal  for  this 
purpose.  The  switch  operates  using  the  principal 
of  total  internal  reflection.  An  integral  LED  and 
photosensor  are  arranged  so  that  when  a  liquid 
does  not  cover  the  sensor,  a  light  path  is 
established  between  them. 


seen  located  just  aft  of  the  model  hull’s  top  fin. 
The  lower  two  sensors  can  be  seen  to  be  below 
the  top  of  the  fin.  As  the  GPS  antenna  is 
anticipated  to  be  located  on  the  top  of  the  fin  this 
test  provided  valuable  washover  masking  data, 
both  representative,  from  the  second  lowest 
sensor,  and  worst  case  from  the  lowest  sensor. 
Should  both  of  these  two  locations  have  proven 
to  be  unacceptable,  data  from  the  remaining 
sensors  would  have  provided  a  means  of 
determining  the  optimum  height  for  some  sort  of 
antenna  mounting  mechanism. 


The  model  Autosub  was  deployed  in  the  Firth  of 
Lome,  which  is  off  the  west  coast  of  Scotland.  At 
the  time  of  the  mission  the  sea  state  was 
estimated  to  be  between  4  and  5.  Throughout 
the  mission,  an  on-board  computer  monitored  the 
state  of  the  sensors  and  recorded  which  ones 
were  obscured  by  wave  washover. 


AUTOSUB  WASHOVER  02-03-95  1200-1205Z 


Tun«(Mc$) 


The  sensors  were  fitted  at  10  cm  intervals  with  the 
lowest  sensor  located  at  a  level  corresponding  to 
the  calm  water  level.  The  sensor  array  can  be 
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The  above  graph  illustrates  a  small  sample  of  the 
data  collected.  It  can  be  seen  that,  as  expected, 
the  lowest  two  sensors  are  obscured  for  a 
significant  proportion  of  the  time.  Back  at  the 
laboratory,  the  washover  data  was  stitched  into  a 
continuous  loop.  This  was  used  to  generate  an 
interrupted  GPS  signal  which  replicated  that 
which  would  have  been  seen  by  a  vessel 
mounted  receiver.  Feeding  this  signal  into  the 
receivers  then  allowed  TTFF  measurements  to  be 
made  as  though  the  receivers  were  actually 
located  on  the  Autosub.  This  method  allowed 
testing  to  be  performed  for  extensive  periods  and 
significant  statistics  gathered. 


TTFF  for  model  hull  sea  trials 
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The  above  graphs  show  how  the  TTFF  figure  of 
the  receiver  is  increased  when  subjected  to  an 
interrupted  signal.  In  the  uninterrupted  case,  the 
average  TTFF  is  around  45  seconds.  With  the 
signal  interrupted  by  a  sea-state  of  4-5  the  TTFF  is 
increased  to  several  minutes  with  the  majority  of 
tests  first  fixing  between  1  and  4  minutes.  The 
TTFF  is  degraded  further  to  between  3  and  12 
minutes  with  a  sea-state  of  5-6.  While  the  spread 
of  these  figures  is  in  some  part  due  to  the 
randomness  of  the  sea,  the  TTFF  is  also 
dependant  on  the  receivers  initial  switch  on  state 
and  the  search  strategy  in  the  presence  of 
interrupted  signals,  the  optimisation  of  which  is  an 
area  targeted  for  further  study.  The  figures  were 
produced  using  data  from  the  lowest  sensor.  A  fix 
in  less  than  four  minutes  is  acceptable  under 
these  conditions.  As  the  lowest  sensor  is  below 
the  top  of  the  fin  which  is  where  the  GPS  antenna 
is  anticipated  to  be  fitted,  the  eventual 
performance  is  expected  to  better  this  result. 

SIMULATED  SEA-STATE  6  RESULTS: 
NOSE-UP  ATTITUDE 

The  third  testing  method  consisted  of  generating 
simulated  waveforms  of  washover  obstruction  for 
a  sea-state  of  6.  The  washover  data  being 
derived  from  a  detailed  dynamic  simulation  of  the 
behaviour  of  a  nose-up  vehicle  Various  antenna 
heights  were  simulated,  with  10  cm  above  the 
static  water  line  being  closest  point  to  the 
anticipated  eventual  antenna  mounting  location. 
The  graphs  below  show  the  majority  of  TTFF’s  as 
being  between  3  and  10  minutes  under  these 
conditions,  with  less  than  1 0%  of  the  tests  taking 
longer  than  10  minutes  to  fix.  For  comparison, 
results  were  also  obtained  for  antenna  locations 
located  at  the  static  water  line  and  also  10  cm 
below  the  static  water  line.  The  last  example  is 
particularly  interesting  as  this  location  is  actually 
below  the  calm  water  level.  At  this  point  a  calm 
sea  is  actually  worse  than  a  rough  sea  as  the  GPS 
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Percentage  In  sample  (%)  Percentage  in  sample  (%)  Percentage  in  sample  (%) 


signals  are  never  unobscured.  Even  at  this 
antenna  location,  the  receiver  managed  to 
generate  a  position  solution  in  under  10  minutes 
in  over  25  %  of  the  tests. 


TTFF  for  nose-up  hull  simulation 
Sea  State  6 


Time  to  First  Fix  (seconds) 

Antenna  10  cm  Above  Sea  Level 


TTFF  for  nose-up  hull  simulation 
Sea  State  6 


Time  to  First  Fix  (seconds) 
Antenna  Located  at  Sea  Level 


TTFF  for  nose-up  hull  simulation 
Sea  State  6 


RECEIVER  ENHANCEMENTS 

During  the  testing  phase  at  Dunstaffnage  Marine 
Laboratory,  several  suggestions  were  made 
whereby  the  performance  of  the  Interrupted  Data 
Acquisition  Receiver  could  be  enhanced.  These 
were  discussed  between  DML  and  Navstar 
Systems  Ltd  and  will  be  incorporated  into  the  next 
stage  of  the  receiver  development. 

1)  Should  predicted  satellites  not 
immediately  be  found  the  search 
algorithm  should  not  increase  search 
windows  or  allocate  alternate  satellites 
until  a  reasonable  time  has  elapsed. 

2)  Navigation  from  satellite  almanac  should 
be  allowed  if  the  ephemeris  cannot  be 
demodulated  in  severe  conditions. 

3)  Inconsistency  tests  should  be  refined, 
e.g.  by  implementing  a  cross-checking 
between  satellite  almanac  and  ephemeris 
to  prevent  occasional  incorrect  data  being 
processed  and  resulting  in  large 
positional  errors. 

COMMERCIAL  EXPLOITATION 

Several  of  the  features  of  the  Interrupted  Data 
Acquisition  Receiver,  although  specifically 
developed  for  the  harsh  Autosub  environment, 
have  already  been  used  in  other  Navstar 
products. 

The  fast  signal  reacquisition  routines  were 
incorporated  into  a  receiver  specially  developed 
for  use  in  built-up  areas  where  satellite  signals 
may  only  be  available  for  a  few  seconds  at  road 
intersections. 

The  optimised  bit  and  data  synchronisation 
routines  were  incorporated  into  all  XR5M  family 
members  resulting  in  a  reduction  of  the  TTFF  by 
six  seconds. 

FUTURE  DEVELOPMENT 

The  receiver  has  been  extensively  bench-tested 
using  real  and  simulated  washover  data,  the  real 
data  having  been  gathered  using  an 
instrumented  wave  staff  attached  to  a  full  size 
model  hull  deployed  in  open  waters  close  to 
Dunstaffnage.  Nonetheless,  the  receiver  itself 
has  still  to  go  to  sea. 
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The  next  trials  phase,  therefore,  consists  of 
integrating  the  receiver,  a  data  logger  and  an 
immersion  resistant  antenna  within  the  model  hull. 


Results  of  Testing  on  a  ig>S-Raseil  Compass 

Joseph  Spalding  and  Lt.  Mark  Lunday 
USCG  R&D  Center 
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ABSTRACT 

The  use  of  GPS  to  determine  vessel  heading  and 
azimuths  as  applied  to  marine  navigation  was 
investigated.  By  observing  the  GPS  constellation 
using  a  multi-antenna  array,  the  orientation  of  the  array 
can  be  calculated  relative  to  the  GPS  coordinate 
system.  A  device  of  this  type  is  not  subject  to: 
variations  in  the  earth's  magnetic  field,  deviations  due 
to  ship  specific  magnetic  field  effects,  inertial  effects 
caused  by  changes  in  vessel  motion,  inaccuracies  in 
polar  regions  (above  70°  latitude).  A  GPS  based 
heading  device  also  has  advantages  in  areas  of 
reliability  (no  moving  parts)  and  the  ability  to  get  on  line 
and  settled  out  in  minutes  rather  than  hours.  To 
investigate  this  technology  and  promote  its 
development  the  Coast  Guard  R&D  Center  contracted 
through  the  DOT  Small  Business  Innovative  Research 
Program  to  have  a  device  built  for  testing  marine 
navigation  applications.  In  1994  Adroit  Systems 
Incorporated  delivered  the  TriADS^^  prototype  attitude 
determination  unit. 

Tests  conducted  at  land  based  and  shipboard 
installations  demonstrated  the  ability  of  the  system  to 
reliably  calculate  heading.  However,  the  short 
baselines  in  the  antenna  arrays  exhibited  unacceptable 
amounts  of  process  noise  for  instantaneous  heading 
solutions.  Filtering  of  the  GPS  heading  output  was 
tried,  but  this  induced  unacceptable  lag  into  the 
heading  result. 

The  potential  for  GPS  devices  to  perform  this  task  was 
clearly  demonstrated.  Several  recommendations  are 
given  that  could  aid  manufacturers  in  developing  future 
units  with  acceptable  performance. 
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INTRODUCTION 

Determination  of  vessel  heading  and  azimuth  of 
objects  has  always  been  a  crucial  part  of  marine 
navigation.  Magnetic  and  gyroscopic  compasses  have 
been  the  tools  for  this  task.  With  the  development  of 
the  Global  Positioning  System,  the  potential  for  a  new 
heading  determination  tool  exists.  By  observing  the 
GPS  constellation  using  a  multi-antenna  array,  the 
orientation  of  the  array  can  be  calculated  relative  to  the 
GPS  coordinate  system.  A  device  of  this  type  would 
not  be  subject  to:  variations  in  the  earth's  magnetic 
field,  deviations  due  to  ship  specific  magnetic  field 
effects,  inertial  effects  caused  by  changes  in  vessel 
motion  or  inaccuracies  in  Polar  regions  (above  70° 
latitude).  A  GPS-based  heading  device  would  also 
have  advantages  in  areas  of  reliability  (no  moving 
parts)  and  the  ability  to  get  on-line  and  settled  out  in 
minutes  rather  than  hours.  To  investigate  this 
technology  the  Coast  Guard  R&D  Center  contracted  to 
have  a  practical  device  built  for  use  in  marine 
navigation.  Tests  were  conducted  on  an  antenna  test 
facility  and  on  board  an  ocean  going  ship.  The  system 
was  integrated  with  the  ship's  heading  displays  for 
navigational  purposes.  The  results  of  these  USCG 
conducted  tests  are  presented  here.  Finally, 
conclusions  regarding  the  performance  and  potential 
for  GPS  based  compasses  are  discussed. 


BACKGROUND 

In  the  late  1980's  several  researchers  [1 ,2,3,4] 
developed  and  demonstrated  the  ability  to  measure  the 
attitude  (heading,  roll,  and  pitch)  of  dynamic  platforms 
by  using  an  array  of  GPS  antennae.  In  order  to 
explore  the  practical  marine  applications  of  this 
technology,  the  Coast  Guard  R&D  Center  participated 
in  the  1991  DOT  Small  Business  Innovative  Research 
program  with  the  following  topic: 

DYNAMIC  MARINE  PLATFORM  ATTITUDE 
DETERMINATION  USING  GPS  CARRIER  PHASE 

“It  is  possible  to  receive  the  signals  of  the  NAVSTAR 
Global  Positioning  System  (GPS)  using  several 
antennae  and  calculate  the  orientation  of  the  antennae 
relative  to  the  NAVSTAR  GPS  earth-centered,  earth- 
fixed  coordinate  system.  The  objective  of  this  research 
is  to  develop  economical  equipment  capable  of 
performing  this  calculation  continuously  aboard  a 
maneuvering  marine  platform  such  as  a  U.S.  Coast 
Guard  cutter  in  all  weather  conditions  and  sea  states. 
The  equipment  should  convert  the  calculated 
orientation  and  present  the  ship's  heading  in  a  manner 


similar  to  a  gyrocompass.  Suitable  pitch  and  roll 
indicators  should  also  be  developed.  The  accuracy 
should  be  equal  to  or  better  than  current  attitude 
determination  devices.  Successful  completion  of  this 
research  should  result  in  an  attitude  determining 
device  that  would  have  uniform  accuracy  at  all 
latitudes." 

Several  proposals  were  received,  and  Adroit  Systems 
Incorporated  (ASI)  was  chosen  the  winner  of  the 
Phase  I  contract.  ASI  proposed  a  solution  that 
represented  an  innovative  antenna  design  combined 
with  off-the-shelf  GPS  and  computer  components.  The 
phase  I  study  concluded  that  the  unit  could  be 
economically  produced  because  of  the  availability  of 
off-the-shelf  components,  and  proved  preliminary 
algorithm  design  and  methods  using  an  existing, 
though  limited  capability,  demonstration  unit. 

For  Phase  II,  ASI  proposed  producing  this  design. 
GPS  circuit  boards,  single  board  PC  computer,  patch 
type  GPS  antennae  and  various  minor  components 
were  procured.  A  custom  antenna  base  plane  and 
custom  serial  interface  board  were  built.  A  real-time 
operating  system  was  selected.  The  embedded 
software  to  control  the  GPS  boards  and  calculate 
attitude  was  developed.  The  system  was  tested  by  the 
contractor  in-house  at  ASI,  on  board  a  tug  in  Baltimore, 
Maryland,  on  a  4T  Coast  Guard  utility  boat,  and  on 
board  the  MA/  Kings  Pointer  at  the  US  Merchant 
Marine  Academy. 

MEASURING  HEADING  WITH  GPS 

The  technical  details  of  measuring  heading  with  GPS 
are  well  documented  in  the  literature  [5,6,7]  and  in  the 
Phase  I  final  report  from  this  effort.  A  brief  description 
follows: 

The  orientation  of  GPS  antennae  with  respect  to  each 
other  can  be  made  with  great  accuracy  through  the 
use  of  phase  interferometry  of  the  1575.42  MHZ  GPS 
carrier  signal.  The  19  cm  wavelength  of  GPS  allows 
measurement  of  phase  down  to  the  millimeter  level. 
These  principles  are  the  basis  of  all  precision  GPS 
techniques,  the  most  common  being  baseline  geodetic 
surveying  to  the  centimeter  level.  In  GPS  surveying, 
one  antenna  is  designated  the  base  at  a  known 
location  and  the  other  is  at  an  unknown  location.  For 
attitude  determination  both  antenna  locations  are 
unknown  but  the  length  of  the  vector  between  the  two 
is  precisely  known.  The  calculation  of  the  orientation 
of  this  vector  yields  the  antenna  array's  attitude  in 
three  dimensions  and  therefore  the  heading,  roll,  and 
pitch  of  the  vessel.  For  marine  surface  navigation, 
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heading  and  the  ability  to  measure  the  azimuth  of 
objects  of  interest  is  the  primary  concern. 


ADROIT  TriADS^" 


Adroit  TriADS™ 


TriADS™was  developed  from  1992-1994  by  Adroit 
Systems  Incorporated,  the  fundamental  approach  was 
to  create  a  relatively  low-cost  easily  produced  system. 
Wherever  possible,  off  the  shelf  components  were 
used.  The  system  consists  of  a  processing  unit  and  an 
antenna  assembly.  The  processing  unit  consists  of  3 
GPS  circuit  boards,  a  single  board  computer,  and  a 
custom  interface  card  in  a  water  resistant  enclosure. 
The  antenna  assembly  consists  of  3  Ball™  GPS 
antennae  with  integrated  low  noise  amplifiers,  and  an 
electronic  inclinometer  unit,  all  mounted  to  a  custom 
fabricated  antenna  base  plane  designed  to  minimize 
multipath  signals. 

Two  different  antenna  systems  were  available  for  this 
test,  a  17  cm  and  a  50  cm  baseline  design.  The  two 
antenna  are  similar  in  appearance  (see  figure  above), 
the  difference  being  the  length  of  the  legs  of  the 
triangular  antenna  arrangement.  The  advantages  of 
the  17  cm  design  are  that  it  is  easier  to  handle,  mount, 
and  simplifies  the  processing  of  the  carrier  phase 
information.  Since  all  of  the  phase  measurements  are 
within  one  wavelength  (19  cm)  there  is  no  carrier  cycle 
ambiguity  to  be  resolved.  The  50  cm  baseline 
antenna  advantage  is  accuracy.  Given  the  same 
amount  of  process  noise  at  each  of  the  three  individual 
antennae,  the  50  cm  baseline  will  yield  better  accuracy 
because  the  noise  will  be  a  smaller  percentage  of 
overall  baseline  length.  For  example;  given  0.5  cm  of 
noise  at  each  antenna,  the  17  cm  baseline  would  yield 
angular  noise  on  the  order  of  1 .7  degrees  while  the  50 
cm  antenna  would  be  0.6  degrees. 


PRELIMINARY  TESTS  OF  TriADS™ 

During  the  development  cycle  Adroit  Systems 
Incorporated  conducted  testing  under  static  conditions, 
on  a  land  vehicle,  and  underway  on  a  tug  in  Baltimore 
harbor.  The  results  of  these  tests  are  presented  in 
[6,7,8].  In  these  technical  papers  Adroit  concluded 
that  "GPS  ADS  (attitude  determination  system)  is  a 
viable  navigation  sensor  for  maritime  use."  "The  test 
results  demonstrated  the  performance  of  the  system  in 
a  marine  environment.  The  results  indicated  good 
system  performance  in  the  presence  of  obstacles  such 
as  bridges  and  RADAR,  and  demonstrated  repeatable 
accuracies  in  repetitive  dynamic  maneuvers."® 


E-SYSTEMS  TESTS 

In  March  1995,  engineers  from  the  R&D  Center  and 
Navy  Research  and  Development  (NRaD)  in 
Warminster,  PA  conducted  testing  at  E-Systems,  E.C.I. 
Division  facility  in  ST.  Petersburg,  Florida.  Through  a 
cooperative  effort  arranged  by  NRaD  we  were  able  to 
utilize  E.C.I.’s  outdoor  antenna  test  facility.  The 
capability  of  most  interest  was  a  test  pedestal  with  360 
degrees  of  horizontal  rotation  and  plus  or  minus  45 
degrees  in  one  vertical  axis.  Using  this  tool  we 


E-Systems  Test  Pedestal  (Photo  courtesy  ECl  Photo  Lab) 


were  able  to  evaluate  the  TriADS™  capability  in  a 
controlled  situation.  Different  tests  were  performed  to 
stress  the  system  in  areas  such  as  multi-path  and 
dynamics.  Data  was  collected  over  a  three  day  period 
using  the  Adroit  TriADS™.  Different  tests  were 
conducted  using  various  pitch,  roll  and  azimuth  angles. 
Although  the  test  platform  had  only  one  vertical  axis, 
that  axis  could  be  aligned  at  any  azimuth  allowing  roll 
and  pitch  to  both  be  tested.  The  antenna  pedestal  was 
located  near  the  E-systems  parking  lot  which  was  used 
in  testing  the  susceptibility  to  multipath. 
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GPS  Static  Stability  test  (90  deg)  Mean  =  90.39  Std  dev  -  0.39 
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Figure  3 

Collection  of  data  for  several  hours  at  a  fixed  azimuth 
and  vertical  angle  were  done  to  examine  the  stability  of 
the  system.  Several  tests  were  also  done  to  test  the 
system  under  dynamic  conditions.  These  dynamic 
tests  were  limited  by  the  speed  of  motion  of  the  test 
pedestal.  We  considered  the  rotation  rate  sufficient  to 
simulate  real  world  heading  changes  but  the  vertical 
angle  rate  was  slower  than  the  rate  a  vessel  could  roll. 

It  was  our  intention  to  test  the  TriADS  with  both  the 
standard  17  cm  baseline  antenna  and  the  newer  50  cm 
baseline  antenna  Adroit  had  developed  for  another 
application.  However,  the  17  cm  baseline  antenna  was 
lost  in  shipment  to  Florida  and  was  not  recovered.  All 
test  results  from  this  test  at  E-Systems  presented  here 
are  with  the  TriADS™  100  using  the  50  cm  antenna. 

Due  to  the  integer  cycle  ambiguity  resolution  required 
when  using  the  50  cm  baseline  the  TriADS™  100 
could  only  achieve  an  update  rate  of  about  one  point 
every  five  seconds.  The  TriADS™  100  also  has  a 
Kalman  filter  to  smooth  the  heading  response.  Earlier 
shipboard  tests  had  shown  that  the  unfiltered  solutions 
were  excessively  noisy  for  practical  use.  However, 
during  the  majority  of  testing  at  E-Systems  the  system 
was  run  with  the  filter  off  in  order  to  observe  the 
instantaneous  measurement  capability  of  the  system. 

To  test  the  stability  of  the  system  we  set  the  pedestal 


at  known  azimuths  for  an  extended  period  of  time.  For 
the  data  presented  here  the  system  was  set  at  90 
degrees  for  11  hours.  Figure  3  shows  the  system 
performance  over  the  first  1 1  hours.  The  standard 
deviation  was  calculated  to  be  0.39  degrees.  There 
was  a  mean  bias  of  0.39  degrees.  We  attribute  this 
bias  to  difficulty  in  aligning  the  Adroit  antenna  with  the 
test  pedestal. 

To  evaluate  the  response  of  the  system  we  executed 
rapid  heading  changes  on  the  pedestal  and  obsen/ed 
the  result  (figure  4).  In  this  test  we  swung 


Ripfd  Heiding  Change 


Figure  4 

the  pedestal  from  a  steady  state  of  225  degrees  to  31 5 
degrees  at  about  20  degrees  per  second.  The  Kalman 
filter  was  off. 
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Our  final  series  of  tests  for  heading  was  to  evaluate  the 
performance  of  the  Kalman  filtered  solution.  We 
performed  rapid  changes  of  heading  and  observed  a 
significant  performance  problem  in  the  heading 

RHered  Response 


Figure  5 

response.  The  filter  response  lagged  and  then 
overshot  the  final  pedestal  position.  The  slow  update 
rate  of  the  system  with  the  50  cm  baseline  antenna 
contributed  to  this  problem. 

KINGS  POINTER  COMPARISON  TESTS 


In  May  1995  we  conducted  detailed  final  performance 
testing  of  the  TriADS™  on  board  the  M/V  Kings 
Pointer.  The  Kings  Pointer  is  the  U.S. 


MA^  Kings  Pointer 


Merchant  Marine  Academy  training  vessel.  USMMA 
Midshipman  are  familiarized  with  ships  systems,  learn 
ship  handling  and  take  short  cruises  on  board  the  224' 
vessel.  The  ship  is  the  former  USNS  Contender,  a  T- 
AGOS  2  class  vessel  built  by  the  Navy  for  ocean 
surveillance.  The  antenna  was  mounted  above  the 
bridge  on  a  10'  (3  m)  long  pole.  We  felt  the  antenna 
location  was  less  than  optimal  due  to  blockage  from 
the  RADAR  mast,  but  felt  that  this  would  be 
representative  of  a  real  world  installation. 

A  17  cm  base  line  antenna  was  used  on  the  Kings 
Pointer.  It  exhibited  the  expected  amount  of  increased 
process  noise.  Standard  deviation  when  differenced 


Antenna  Location 


with  the  gyro  compass  during  straight  runs  was  1 .8 
degrees.  More  importantly,  for  this  dynamic  trial,  the 
unit  was  able  to  maintain  a  1  Hz  output  rate  due  to  the 
17  cm  baseline  being  less  than  the  1 9  cm  GPS  carrier 
wavelength.  Another  advantage  of  the  short  baseline 
is  the  ease  of  mounting  of  the  antenna  array.  An 
inexpensive  2"  (5  cm)  pole  and  common  U-bolts  made 
the  mounting  relatively  simple  compared  to  larger 
baseline  systems. 

The  performance  of  the  TriADS™  was  compared  to 
the  gyrocompass  on  board  the  Kings  Pointer.  Data 
was  collected  over  several  hours  with  the  vessel 
performing  harbor  piloting  in  the  East  River.  Data  was 
collected  dockside  in  order  to  calibrate  any  bias  in  the 
alignment  of  the  GPS  and  the  gyro  compass.  We 
found  a  consistent  bias  of  2.5  degrees  between  the 
GPS  and  the  gyro.  We  attribute  this  bias  primarily  to 
misalignment  of  the  GPS  antenna  array.  Figure  8 
shows  the  heading  with  both  the  GPS  and  gyro  over  a 
two  hour  period  dockside. 


GPS  &  Gyro  Dockside 


Figure  8 
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Underway  Performance  Comparison 
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Once  the  bias  was  characterized  we  compared  the 
performance  of  the  GPS  to  the  gyrocompass 
underway.  Figure  9  shows  the  gyro  measurements 
with  the  GPS  measurements  (corrected  for  the  bias) 
plotted  on  top.  The  third  line  is  referenced  to  the  right 
hand  scale  and  represents  the  difference  between  the 
gyro  and  GPS.  It  became  immediately  apparent  that 
we  still  had  problems  with  the  filter  performance 
despite  the  higher  output  rate  from  the  unit  due  to  use 
of  the  smaller  17  cm  antenna.  Figure  10  shows  the 
area  in  the  beginning  of  the  turn  showing  the  GPS 
lagging  the  gyro  by  about  20  seconds.  At  the 
completion  of  the  turn  the  filtering 


Gyro  &  GPS  Response  To  Turn 


causes  the  GPS  to  over  shoot  the  gyrocompass 
response.  At  this  point  the  heading  filter  in  the  GPS  is 


showing  a  classic  over-damped  filter  response. 

KINGS  POINTER  OPERATIONAL  TESTS 

As  a  final  test  of  GPS  based  heading,  an  operational 
test  involving  piloting  of  the  Kings  Pointer  strictly  with 
GPS  derived  heading  was  tried.  The  TriADS™was 
used  to  provide  heading  information  for  the  vessel  in 
place  of  the  master  gyrocompass.  In  order  to 
accomplish  this  the  R&D  Center  built  a  custom 
interface  to  make  the  TriADS™  output  simulate  the 
gyrocompass  output. 

GYRO  SYSTEM  INTERFACF 

On  board  the  MN  Kings  Pointer  the  Sperry  MK  227 
gyro  compass  drives  an  extensive  electromechanical 
gyro  repeater  system  that  provides  the  helm,  RADAR, 
bridge  wings,  and  various  stations  throughout  the  ship 
with  heading  information.  The  gyro  compass  itself 
outputs  stepper  sequences  using  20  volts  on  three 
lines.  This  method  yields  six  states  to  indicate 
heading  to  1/6  of  a  degree.  Each  complete  sequence 
through  the  six  states  is  one  degree.  There  is  no 
absolute  heading  distributed,  each  gyro  repeater  must 
be  manually  aligned  to  the  gyrocompass  current 
heading.  Once  aligned,  the  gyro  repeaters  maintain 
the  heading  quite  reliably. 
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Heading 

increment 

Line  1 

Line  2 

Line  3 

1/6 

0 

1 

0 

2/6 

0 

1 

1 

3/6 

0 

0 

1 

4/6 

1 

0 

1 

5/6 

1 

0 

0 

6/6 

1 

1 

0 

Table  1 


In  order  to  provide  useful  heading  information  to  the 
ship,  we  had  to  find  a  way  to  drive  the  gyro  repeater 
system  with  the  T riADS  ™.  The  T riADS  ™  was  built  to 
provide  output  via  RS232  using  NMEA-0183 
messages.  In  order  to  drive  the  gyro  repeaters,  we 
created  a  system  to  take  the  NMEA-0183  VHW 
message  and  convert  it  into  incremental  stepper 
heading  changes  (Table  1).  The  program  is  hosted 
on  a  80286  laptop,  reads  the  NMEA-0183  $GPVHW 
message,  extracts  the  true  heading,  and  changes  the 
output  states  of  three  lines  of  the  parallel  port  to  give 
the  proper  stepper  position  output.  The  5  volt  signals 
from  the  parallel  port  drive  electronic  relays  that 
provide  the  required  20  volt  level  for  the  ship's  system. 
The  Sperry  MK  227  gyro  binnacle  is  wired  to  accept  an 
external  input  from  a  backup  gyro.  We  utilized  this 
connection  yielding  easy  integration  and  a  built  in 
switch  to  toggle  between  gyro  and  GPS  generated 
input  signals. 

OPERATIONAL  TEST  RESULTS 

On  August  21, 1995  at  1650  EOT  we  got  underway  on 
the  Kings  Pointer,  with  the  TriADS™  providing  the 
ship's  heading  for  a  cadet  piloting  training  run.  The 
three  hour  cruise  traversed  the  area  between 
Execution  Rocks  in  Long  Island  sound  and  the 
Whitstone  bridge  in  the  East  River.  In  steering  the 
vessel,  it  soon  became  apparent  that  the  lag  in  the 
GPS  solution  made  course  changes  difficult.  The 
helmsmen  were  instructed  to  use  physical  landmarks 
to  guide  their  steering  as  they  were  not  getting 
sufficient  real  time  feedback  from  the  T riADS  After 
a  few  maneuvers,  the  helmsman  was  able  to  adapt  his 
steering  to  the  lag  in  the  gyro  update. 

The  accuracy  of  the  unit  seemed  to  be  generally 
sufficient  for  position  fixing  using  optical  and  RADAR 
bearings  to  objects.  These  bearings  and  fixes  are 
generally  taken  while  the  vessel  is  on  a  steady  course. 


During  any  maneuvers,  the  lag  in  the  heading  output 
would  have  caused  significant  navigational  positioning 
fixing  errors. 

An  additional  feature  of  the  shipboard  gyro  repeater 
system  is  its  ability  to  indicate  the  rate  of  turn.  This  is 
done  through  audible  clicks,  one  click  per  each  change 
of  state  of  the  stepper  function  or  1/6  of  a  degree.  This 
audible  feedback  gives  the  conning  officer  valuable 
feedback  on  the  performance  of  the  helmsman  and  the 
progress  of  the  vessel  through  a  particular  maneuver. 
With  the  GPS  driving  the  gyro  repeaters  the  clicks  for 
each  1/6  of  a  degree  would  come  in  bursts.  As  the 
TriADS  would  give  one  $GPVHW  output  each  second, 
when  there  was  a  heading  change  the  gyro  interface 
program  would  proceed  through  the  required  stepper 
increments  quite  quickly  in  order  to  avoid  any  delay. 
The  test  subjects  were  not  comfortable  with  the  bursts 
of  heading  changes. 

CONCLUSIONS 

GPS  has  the  potential  to  provide  a  practical  alternative 
to  a  gyrocompass  or  magnetic  compass  for  navigation. 
The  benefits  of  low  cost  and  high  reliability  make  this 
technology  particularly  attractive.  Our  goal  of 
achieving  equivalent  performance  to  the  gyrocompass 
was  not  realized.  The  short  baseline  GPS  antenna 
arrays  tested  in  this  effort  exhibit  unacceptable 
amounts  of  process  noise.  Filtering  of  the  output  is 
required  to  achieve  a  low  noise  level.  Alignment  of  the 
GPS  antenna  array  must  be  performed  with  a  high 
degree  of  precision.  This  alignment  was  difficult  with 
the  TriADS™  antenna.  Substituting  the  gyro  compass 
signal  for  the  master  compass  on  commercial  vessels 
equipped  with  gyrocompasses  is  relatively  simple  and 
allows  the  use  of  GPS  versus  gyrocompass  to  be 
transparent  to  the  users. 

RECOMMENDATIONS 

Alignment  aids  are  required  on  the  GPS  antenna  array, 
and  an  alignment  procedure  must  be  developed  to 
achieve  acceptable  alignment  of  the  antenna  array 
relative  to  the  vessel. 

Manufacturers  should  consider  the  use  of  inexpensive 
solid  state,  fiber  optic  or  quartz  rate  gyros  to  aid  in 
filtering  the  heading  output. 

Industry  should  create  GPS  heading  devices  with 
update  rates  on  the  order  of  5  Hz. 

When  simulating  gyrocompass  stepper  output  a  GPS 
device  will  have  to  maintain  a  high  output  rate  to 
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indicate  smooth  rate  of  turn  indications  through  the 
gyro  repeaters  audible  indication. 
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ABSTRACT 

Solutions  have  been  proposed  for  the  use  of  GPS  for 
undenvater  navigation  since  1992  [1].  This  paper 
relates  new  techniques  using  upward  flows  of  acoustic 
data  being  transmitted  by  a  mobile  to  a  set  of  GPS 
buoys.  A  radio  network  allows  data  exchange 
between  the  buoys,  a  D-GPS  station  and  a  PC  based 
control  station. 

Sea  trials  were  performed  during  the  1995  summer. 
They  are  presented  and  analyzed  herein.  They 
demonstrate  that  the  acoustic  propagation  does  not 
degrade  the  accuracy  of  the  GPS  system.  The  third 
dimension,  depth,  is  measured  using  a  pressure 
sensor  and  coded  in  the  upward  acoustic  flow  of  data. 

Those  techniques  which  apply  to  remote  control  over 
long  distances  of  UUVs  (  Unmanned  Underwater 
Vehicles )  are  covered  by  international  patents . 


1/ INTRODUCTION 

GPS  receivers  are  now  widely  used  for  aircraft,  ships 
and  land  vehicles  .  In  1992,  the  US-AF  announced  the 
use  of  GPS  for  underwater  navigation  [1]  .  Very  few 
publications  have  presented  equipment  or 
experimental  results  since  then.  As  a  mater  of  fact, 
GPS  can  be  of  great  use  to  assist  locating  underwater 
objects  (  wrecks  )  or  mobiles.  It  requires  buoys  to 
convert  radar  waves  into  acoustic  signals. 

Very  often,  the  mobile  does  not  require  to  know  its 
position:  but  it  is  the  external  world  that  requires  to 
know  the  position  of  the  underwater  object.  That  is  the 
case  of  a  ROV's  pilot,  that  is  the  case  of  a  survey  ship 
towing  seismic  flutes,  that  is  the  case  for  salvage 
operations, ... 

For  that  reason,  but  also  for  size  of  equipments,  cost 
and  power  consumption,  we  have  decided  to  use 
upward  flow  of  acoustic  data  for  localization  purposes 
and  downwards  flow  for  Control  and  Command  of  the 
underwater  vehicle . 

The  picture  below  gives  a  view  of  the  scene  . 
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Figure  1  :  General  View 


2/ THE  USE  OF  GPS  FOR  UNDERWATER 
NAVIGATION 

The  basic  principle  for  localizing  an  underwater 
vehicle  consists  of  having  a  pinger  on  board  the 
vehicle  itself.  The  signal,  transmitted  at  regular 
intervals,  is  received  by  a  set  of  buoys  located  in 
the  vicinity  of  the  vehicle. 

Each  time,  a  buoy  receives  an  acoustic  pulse,  the 
time  of  arrival  is  very  accurately  dated  within  the 
GPS  Time  Base.  The  buoy  then  transmits  by 
radio  its  position  and  the  time  of  arrival. 

That  allows  a  central  station  to  calculate  the 
pseudo-ranges  from  the  buoys  to  the  vehicle  for 
each  acoustic  signal  transmitted.  Coordinates  of 
the  mobile  can  then  be  calculated  ( intersection  of 
spheres  or  circles  if  the  vehicle's  depth  is  known ). 

3/  EQUIPMENTS  USED 

The  equipment  used  to  demonstrate  the  feasibility 
of  GPS  for  tracking  undenvater  mobiles  consisted 
of ; 

•  1  Control  station, 

•  1  D-GPS  station, 

•  4  Buoys, 

•  1  Local  radio  network, 

•  1  Acoustic  transmitter. 

Their  main  characteristics  are  : 

Control  Station 

The  control  station  allows  to  remotely  control  the 
surface  relay  buoys  and  D-GPS  station  through 
the  radio  network  and  to  acquire  navigation  data. 

The  control  station  is  composed  of : 

1  Color  Portable  PC  486-50  Mhz, 

1  GPS  8  Chanels,  OEM  Card, 

1  Microprocessor  control  unit  MCU, 

1  200  Mhz  Radio-Modem  - 100  mw. 


In  the  first  mode,  the  control  station  transmits 
commands  or  requests  to  the  buoys  and  D-GPS 
station  in  order  to  configure  them,  for  self-tests  or 
for  quality  control  of  data.  For  example,  the  radio 
network  can  be  set  to  one  particular  frequency  in 
the  band  200-230  Mhz  after  a  spectrum  analysis 
over  the  full  frequency  band. 

In  the  second  mode,  "Real-Time  Navigation",  the 
control  station  remains  passive  and  receives  data 
streams  coming,  either  from  the  D-GPS  station 
or,  from  the  buoys.  All  radio  transmissions  are 
synchronized  within  a  time  window  (  150  msec, 
wide )  allocated  to  each  piece  of  equipment. 

The  main  features  of  the  control  station  are ; 

•  Configuration  and  test  of  equipments  via  radio 
network, 

•  Activation,  de-activation  of  radio  broadcasts, 

•  Real-time  data  acquisition  and  processing, 

•  Raw  data  storage  for  off-line  data  analysis, 

•  Graphic  display  of  mobile's  route  and  depth, 

•  Quality  control  of  data, 

•  Off-line  processing. 

Programs  on  the  Portable-PC  use  interactive 
multiple  graphic  windows  facilities. 

D-GPS  Station 

The  aim  of  the  D-GPS  station  is  to  transmit 
RTCM-104  messages  to  the  GPS  receivers 
installed  on  board  the  buoys. 

As  we  use  only  one  frequency  for  the  radio 
network,  the  frames  of  data  must  be  transmitted 
within  the  time  windows  allocated  to  the  D-GPS 
station.  For  this  reason,  a  microprocessor  control 
unit  MCU  is  integrated  in  the  D-GPS  station. 


Figure  2  :  Control  Station  Block  Diagram 


The  control  station  can  be  either,  a  network 
controller,  or,  a  passive  data  receiver. 
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Figure  3  :  D-GPS  station  Block  Diagram 


contains  redundant  informations.  Data  are 
transmitted  at  1  hertz. 


Each  buoy  includes  4  modules: 

•  1  GPS  8  Chanels  OEM  card, 

•  1  Acoustic  module, 

•  1  200  Mhz  radio  transmitter, 

•  1  Microprocessor  based  central  processing 
unit,  MCU. 


Radio  Network 

The  radio  network  consist  of  a  set  of  VHP  radio 
transmiter  working  at  9.600  BPS.  All  radios  are 
synchronised  using  GPS  time  signals  in  order  to 
avoid  data  frames  overlaps. 

The  main  radio  caracteristics  are : 


The  main  functionality  of  the  buoys  are  : 

•  Acquire  RT  CM-1 04  corrections, 

•  Detect  acoustic  signals  and  date  them, 

•  Transmit  to  control  station  data  frames. 

The  size  of  the  buoy  is  90  cm  long  and  14  Cm  in 
diameter.  Its  weight  is  12  Kg. 


•  Frequency  band  :  200-230  Mhz, 

•  RF  Power  output :  100  mw, 

•  Size  :  12x8x6 Cm  . 

Acoustic  transmitter 

Whereas,  an  ordinary  pinger  can  be  used,  we 
manufactured  a  special  acoustic  transmitter  for 
the  purpose  of  our  trials.  This  transmitter  has  a 
very  stable  clock  which  can  be  synchronised  prior 
to  the  dive  using  a  GPS  1  PPS  clock  signal 
output,  through  an  IR  link. 

The  main  characteristics  of  our  transmitter  are : 

•  Frequency :  30  Khz, 

•  Repetition  rate :  1  Sec., 

“B 

•  Longtermclockstability :  10  /month, 

•  Clock  consumption  :  2  mamps, 

•  Pressure  sensor :  0-30  bars,  1 7oo. 

The  quartz  was  calibrated  using  GPS  receiver's 
PPS  signals.  The  repetition  rate  measured  of  the 
quartz  was :  0,99999799  sec. 


Figure  4 :  GPS-Buoys  block  diagram. 

The  hardware  developed  can  date  the  acoustic 
signal  interrupts  with  a  resolution  of  10®  sec., 
giving  a  pseudo-range  resolution  for  undenvater 
distances  measurements  of  1 .5  Centimeters  . 

The  frame  of  data  transmitted  by  each  buoy  to  the 
control  station  consists  of : 

•  Buoy's  ID  number, 

•  Transmission  sequence  number, 

•  Buoy's  coordinates, 

•  Acoustics'  signals  arrival  times, 

•  Quality  control  data, 

•  Checksum  caracters. 

In  order  to  avoid  loss  of  data  in  case  of 
radiotransmission  errors,  the  frame  of  data 


4/  SITE  AND  EXPERIMENTS 

The  first  evaluations  of  the  system  took  place  on 
august,  the  24  *',1995  in  the  Mediterranean  sea, 
near  Toulon's  harbor,  in  very  shallow  water 
depths  (15  m). 

The  D-GPS  station  was  installed  near  the  green 
lighthouse  marking  the  southern  entrance  of  "La 
Grande  Jet6e  ".  GPS  positions  have  been 
averaged  during  3  minutes,  giving  the  following 
coordinates  for  the  D-GPS  station  : 


Continuous  radio-transmission  of  RTCM-104 
correction  messages  was  then  set  at  1  sec. 
intervals. 
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The  aim  of  the  first  experiment  was  to  evaluate 
the  position  stability  of  a  set  of  4  buoys  aligned  on 
the  quay. 

Further,  the  4  buoys  were  moored  in  Toulon's 
Grand  Bade,  in  the  direct  vicinity  of  the  D-GPS 
station.  A  pinger  was  then  towed,  within  the  buoys 
pattern,  at  a  water  depth  of  5  to  10  meters. 

5/ TRIALS  RESULTS 
Finger's  clock  stability 

The  pinger's  clock  stability  was  confirmed, 
allowing  to  easily  calculate  acoustic  ranges  from 
acoustic  pseudo-ranges  (  distances  pinger  to 
buoys ). 

Static  performances  of  buoy's  GPS  receivers 

The  last  digits  giving  the  coordinates  of  the  buoys 
aligned  on  the  quay  during  the  static  test  are 
given  below; 

Buoy  N"  :10  X=  753.5,  Y=  814.5 
Buoy  N*  :1 1  X=  735.1,  Y=  802.1 
Buoy  N‘  :10  X=  756.1,  Y=  834.1 
Buoy  N”  :10  X=  749.5,  Y=  800.3 

They  can  be  correlated  with  the  measured 
distances  between  the  buoys  on  the  quay. 


Buoy's 

Number 

10 

11 

12 

13 

10 

- 

22.2 

19.8 

14.8 

11 

22.8 

38.3 

14.5 

12 

20.5 

43.3 

34.4 

13 

14.5 

8.3 

35.0 

- 

Table  giving  distances  between  buoys  on  the  quay. 

( Above  the  diagonal,  figures  represent  distances 
between  buoys  as  calculated;  below, as  measured. ) 

Dynamic  performanc.  of  buoy's  GPS  receivers 

The  first  plot  on  the  next  page  shows  the 
dispersion  obtained  in  locating  the  buoy  N‘:  11  as 
moored  at  sea.  Typically,  the  dispersion  was 
+/- 10  meters. 

Dynamic  performance  of  acoustic  detectors 

The  second  plot  given  on  following  page  shows 
the  acoustic  ranges  between  the  pinger  and  the 
four  buoys.  The  repetability  of  the  measurements 
is  close  to  30  cm. 


A  plot  of  the  track  of  the  underwater  pinger  towed 
below  the  ship,  within  the  buoys'  pattern,  is  given 
next  page. 


6/  CONCLUSIONS 

The  first  sea  trials  have  allowed  to  fully  test  the 
complete  underwater  localization  system. 

The  results  demonstrate  that  GPS  buoys  can  be  a 
very  powerful  tool  to  accurately  locate  underwater 
vehicles  in  real  time. 

By  using  GPS  real-time  submetric  kinematics 
techniques,  metric  accuracies  should  be  achieved 
in  positioning  underwater  vehicles  at  depths  over 
1 000  meters. 

Those  techniques  which  apply  to  remote  control 
at  long  distances  of  UUVs  (  Unmanned  Underwater 
Vehicles )  are  covered  by  international  patents  . 
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INTRODUCTION 

Carrying  out  the  Decree  of  the  President  of 
the  Russian  Federation  dated  September  24,  1993 
and  the  Decree  of  the  Government  of  the  Russian 
Federation  M9237  dated  March  7,  1995,  the  Russian 
Space  Forces  in  the  current  year  continue  to  conduct 
the  planned  activity  on  deployment  the  orbital 
constellation  of  GLONASS  system  and  to  control 
the  system  as  a  whole,  and  the  organizing  and 
coordinating  activity  in  user’s  navigation  equipment 
creation  and  further  development  of  GLONASS 
program. 

Three  satellites  of  the  25-th  block  were 
successfully  launched  in  March,  the  next  26-th  block 
was  put  into  the  orbit  in  July,  and  up  to  the  end  of 
the  year  it  is  planned  to  make  2-3  launches  and  that 
will  provide  the  fulfilling  of  obligations  to  deploy  the 
full  constellation  in  1995. 

However  even  now  22  operational  satellites 
of  GLONASS  system  provide  continues 

navigational  field,  which  enable  users  in  standard 
mode  using  standard  precision  channel  to  determine 
position  with  50-70  m  accuracy  and  velocity 
measuring  with  15  cm/sec  accuracy.  Such  accuracy 


characteristics  are  available  for  mass  domestic  and 
foreign  users  and  they  can  be  improved  significantly 
by  using  special  technical  and  mathematical 
methods  of  conducting  and  processing  the 
measurements. 

The  fact  that  the  characteristics  of 
GLONASS  system  are  not  worse  as  compared  with 
similar  American  GPS  system  and,  because  of  high 
inclinations  of  orbits,  GLONASS  possesses  even 
more  favorable  characteristics  of  satellites 
observation  in  north  latitudes,  many  times  was 
confirmed  by  Russian  and  foreign  experts  and 
practices.  Besides,  as  using  of  selective  access  mode 
is  absent  in  GLONASS  system  it  is  more  preferable 
for  civilian  users  in  accuracy. 

However,  we  are  sure,  the  fact  of  existence 
of  two  global  satellite  navigation  systems  belonging 
to  two  different  countries  must  not  assume  their 
indispensable  opposition,  but  on  the  contrary, 
allows  to  work  out  a  wide  range  of  tasks  in  the 
interests  of  world  society. 

For  the  first  time  the  proposal  on 
international  civilian  use  of  GLONASS  system’s 
navigation  field  and  free  access  of  standard 
precision  channel  was  made  to  ICAO  by  Russian 
party  on  May  9,  1988  and  from  that  day  our  course 
to  the  integration  and  cooperation  with  foreign 
navigation  means  remain  stable. 

The  joint  use  of  navigation  fields  of 
GLONASS  and  GPS  allows  to  increase  the 
reliability  of  navigation  detenninations,  and  to 
increase  the  integrity  index  of  combined  navigation 
system  as  well,  including  realization  in  receivers 
autonomous  integrity  monitoring  mode. 

The  advantage  of  joint  GLONASS-GPS  use 
during  these  years  became  undeniable  fact  and 
confident  realization  of  GLONASS  program  will 
promote  the  fastest  implementation  of  both  systems 
in  many  spheres  of  world  economy  and  science. 

MAIN  DIRECTIONS  OF  SYSTEM 
DEVELOPMENT 

1.  If  we  are  talking  about  the  main 
directions  of  GLONASS  system’s  development,  first 
of  all  it  is  necessary  to  note  that  in  the  first  quarter 
of  1996  Russian  Space  Forces  plan  to  start  flight 
tests  of  new  GLONASS-M  program.  The  new 
modernized  GLONASS-M  satellite  will  have  higher 
guarantee  period  of  service  (5  years  instead  of  3  at 
the  moment)  and  better  technical  characteristics. 
This  enable  to  increase  the  reliability  and  accuracy 
of  the  system  as  a  whole. 
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2.  The  second  direction  to  which  Russian 
Space  Forces  give  much  attention  is  a  work  on 
introduction  the  space  navigation  technologies  in 
Russian  economy  and  science,  and  creation  the  new 
generation  of  user’s  navigation  equipment,  stations 
of  differential  corrections  and  integrity  control. 

At  the  current  moment  according  to  the 
order  of  Russian  Space  Forces  our  designers  and 
scientists  create  a  whole  range  of  very  interesting 
and  prospective  models,  which  have  no  analogues  in 
the  world. 

By  the  end  of  1995  it  is  planned  to  produce 
3-4  types  of  test  samples  of  user’s  navigation 
equipment  and  differential  corrections  and  integrity 
control  stations  as  well.  The  nomenclature  of  user’s 
navigation  equipment  and  differential  stations, 
offered  for  creation  and  serial  manufacturing, 
according  to  their  composition  and  characteristics 
allow  to  use  them  directly  (or  after  some  technical 
changes)  practically  in  all  areas  of  civilian 
applications. 

It  is  necessary  to  note  separately  that  all 
prospective  samples  of  equipment,  which  are 
currently  created  in  Russia  are  combined  and  can 
work  using  GLONASS,  GPS  or  GLONASS-GPS 
signals. 

3.  The  third  direction  of  development  is 
working  out  and  realization  the  conception  of 
Russian  wide  area  differential  subsystem  on  the  base 
of  Russian  space  vehicles  control  complex 
infrastructure  and  it’s  interaction  with  departmental 
local  differential  subsystems,  situated  both  on 
Russian  territory  and  abroad. 

4.  The  next  direction  of  Russian  Space 
Forces’  activity  within  the  frameworks  of 
GLONASS  integration  with  foreign  means  is  work 
on  progress  the  cooperation  with  different 
international  and  foreign  organizations  and  firms  in 
the  sphere  of  expansion  the  possibilities  of  using 
GLONASS  satellite  navigation  system  for  broad 
sections  of  users. 

One  part  of  this  activity  is  an  active 
participation  of  Russian  Space  Forces’ 
representatives  in  the  work  to  prepare  the  formal 
proposals  of  Russia  on  GLONASS  system’  using  in 
ICAO  and  IMO  international  organizations,  and 
working  out  and  concordance  the  Standards  and 
Recommended  practice  for  international  GNSS 
system. 

Besides,  the  very  active  work  is  in  the 
process  on  signing  bilateral  agreements  with 
different  organizations  and  firms  on  using 
GLONASS  potential  and  joint  development  and 
manufacturing  user’s  equipment  and  drawing-up  a 
common  approaches  for  creation  differential 
subsystems  and  integrity  control  systems. 

A  widening  interest  to  GLONASS  system 
was  shown  At  41-st  International  Aerospace 
Exhibition  in  Le-Bourget.  During  the  Show  we  have 
reached  an  understanding  with  some  firms  to 
prepare  corresponding  agreements  and  contracts  on 
different  aspects  of  using  GLONASS  advantages  in 
the  regions  of  Europe,  South-East  Asia,  South 
America  and  south  of  Africa. 


And  today  we  once  again  confirm  our 
readiness  for  collaboration  on  all  questions  of  using 
GLONASS  system’s  possibilities,  it’s  development 
and  integration  with  foreign  navigation  means. 

5.  Besides,  Russian  Space  Forces  continue 
activity  on  solving  the  problems,  connected  with  use 
of  joint  navigation  fields  of  GLONASS  and  GPS 
systems  in  the  interests  of  broad  sections  of  world 
society  users.  Here  we  can  highlight  the  following 
directions: 

-  search  of  common  approaches  for 
granting  space  navigation  systems  to  world  society; 

-  concordance  of  base  coordinate  systems; 

-  concordance  of  system  time  scales; 

-  drawing  up  a  measures  on  non-admission 
the  using  of  space  navigation  systems  to  the 
detriment  of  national  security. 

The  work  in  this  direction  is  doing  together 
with  representatives  of  GPS  system’  administration. 

Within  the  frameworks  of  highlighted 
problem  I  would  like  to  express  my  opinion 
according  to  the  prospects  of  creation  so-called 
independent  civilian  systems  as  an  alternative  to 
GLONASS  and  GPS  systems.  Not  taking  in 
consideration  the  economic  valuation  of  huge 
expenses  on  development  and  creation  a  new  civilian 
systems  when  we  have  two  ready  operational 
satellite  systems,  I  will  only  stop  on  the  aspect, 
which  one  forget,  I  do  not  know  why,  criticizing 
GLONASS  and  GPS. 

The  main  argument,  putting  forward  to 
motivate  the  necessarity  of  alternative  system’s 
creation,  is  affirmation  of  some  specialists  and 
organizations  that  as  GLONASS  and  GPS  are 
under  the  control  of  miUtary  structures  so  if  there  is 
aggravation  of  the  international  situation,  the 
military  departments  of  states-owners  of  navigation 
systems  can  undertake  the  special  measures,  making 
difiicult  or  even  excluding  the  possibility  for  civilian 
use  of  the  systems.  To  our  opinion  this  argument  is 
not  durable  enough,  because  proposed  for  creation 
new  civilian  navigation  system  will  not  be  absolutely 
independent  from  international  situation  as  well. 

This  conclusion  is  brought  by  our  opinion 
that  in  a  hard  periods  of  world's  political  situations 
the  so-called  civil  navigation  systems  will  be 
indirectly  subordinated  under  a  policy  of 
governments  and  States  which  took  part  in  the 
systems  creation.  Under  the  circumstances  these 
systems  will  not  independents.  Besides,  in  these 
periods  the  basic  elements  of  the  system  control 
complexes  the  most  probably  will  be  under  control 
and  protection  of  power  structures  are  close  to 
army,  and  it  will  doing  in  the  interest  of  security. 

That  is  why  we  think  the  only  GLONASS 
and  GPS  with  appropriate  augmentation  are  real 
systems  which  may  be  effectively  used  by  both 
military  and  civil  users. 

GLONASS  and  GPS  have  the  exceptional 
characteristics  of  accuracy  and  coverage.  They  are 
operated  by  the  ones  of  most  stable  state 
structures  -  the  ministries  of  defense,  and  in 
addition  they  are  the  state  navigation  systems. 
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The  Coordinational  Scientific  Information 
Center  (CSIC)  is  responsible  within  the  Russian 
Space  Forces  for  purposive  and  consistent  policy  in 
the  field  of  GLONASS  development  and  operation, 
and  of  its  implementation  and  integration  with 
foreign  navigation  systems.  CSIC  determine  the 
main  directions  of  development,  render  to  users  an 
consulting,  informing  and  scientific-methodical 
services  with  the  aims  of  more  effective  GLONASS 
use.  CSIC  is  the  official  representative  of  the 
Ministry  of  Defense  on  a  talks,  meetings  and 
conferences. 

In  conformity  with  the  Russian 
Federation  Government’s  Decree  number  237  from 
March  7,1995  "On  executing  works  in  use  of  the 
GLONASS  global  satellite  system  for  the  sake  of 
civil  users"  CSIC  is  responsible  for  providing  the 
civil  users  with  formal  information  on  GLONASS 
status.  CSIC  distribute  also  a  technologic 
information  on  GLONASS,  including; 

-  notice  on  GLONASS  status; 

-  notice-advisory  to  GLONASS  users  on 
any  changes  in  GLONASS  status; 

-  notice-advisory  to  GLONASS  users  on 
others  important  events  in  GLONASS  (e.g. 
GLONASS  launch,  etc.); 

-  GLONASS  almanac. 

Besides,  in  case  of  special  inquiry  CSIC 
provides  an  additional  information  on  GLONASS. 

An  availability  of  GLONASS  in  any  point 
of  Earth  and  at  any  time  predetermine  a  principles 
of  information  interaction  between  CSIC  and 
domestic  and  foreign  users  as  follows: 

-  an  access  to  technologic  information  on 
GLONASS  24  hours  a  day,  with  a  minimal  delay; 

-  distribution  of  information  by  various 
ways  including  electronic  and  printed  formats; 

-  distribution  of  information  both  on 
Russian  and  EngUsh; 

using  of  up-to-date  information 
technologies:  Usenet,  Internet,  BBS  etc. 

We  have  no  doubts  that  our  efibrts  on  a 
fastest  introduction  of  satellite  navigation  systems  in 
everyday  life  will  be  successful  and  will  promote 
development  of  science,  economy  and  international 
cooperation  of  all  interested  partners. 


961 


RUSSIAN  SPACE  FORCES 


962 


l()\  95 


THE  CORE  ISSUES 


C/3 

iZ 

Oh 

H  ^ 

uS 

Qi  Cu 

5S 

u 


963 


TASKS  AND  DIRECTIONS  OF  ACTIVITIES 
OF  THE  COORDINATIONAL  SCIENTIFIC 
INFORMATION  CENTER 
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The  Place  ef  GLONASS  in  the  Radionavlgatien  Plan  of  the  CIS 

Vladimir  Denisov 

Radionavigation  Intergovernmental  Council 
Intemavigation  Research  and  Technical  Center 


CIS-countries; 

-  working-out  of  a  unified  technical  policy; 

-  development  and  adjustment  of  the 
radionavigation  plans  and  their  submission 
for  approval  to  the  Council  of  Heads  of  the 
CIS-Governments; 

The  Scientific  Technical  Centre 
‘‘Internavigation” 


-  coordinates  the  development  of  the  governmental  concept 
for  the  creation  of  Russia’s  integrated  navigation  and  time 
fields  based  on  Russian  and  combined  common-use 
radionavigation  systems  by  using  the  State  Single  Time 
System  and  standard  frequencies; 

-  prepares  the  suggestions  for  the  development  of 
Coordinate  and  Time  Services  for  the  users  based  on  the 
mentioned  concept; 

-  coordinates  the  implementation  of  governmental 
agreements  with  other  countries  in  the  field  of  user 
navigation  and  time  services,  as  well  as  agreements  on  the 
commercial  use  of  joint  dev^elopments; 

-  works  out  the  projects  of  international  agreements  and 
suggestions  for  realizing  the  accepted  commitments; 

-  organizes  the  conduct  of  negotiations; 

-  organizes  together  with  foreign  countries  the  working  areas 
of  the  unified  international  radionavigation  systems; 

-  participates  in  international  conferences,  sjmposiums  and 
meetings  on  questions  that  fall  within  the  Committee’s 
competence  and  this  with  the  input  of  the  specialists  from 
the  interested  departments  and  ministries. 


-  working-out  of  a  single  technical  policy 
in  the  RF; 

-  development  of  radionavigation  plans 
and  their  submittance  to  the  Russian 
Government. 


The  role  and  position  of  the  GLONASS  radionavigation 
system  within  the  CIS  radionavigation  plan 


The  navigation  policy  of  the  member  states  of  the  Commonwealth 
of  Independent  States  (CIS)  is  determined  by  the  : 

-  general  and  economic  policy  of  the  CIS-states; 

-  character  of  the  economic  problems  and  the  requirements 
of  the  navigation  services  to  solve  them 

-  condition  of  the  navigation  services. 

Considering  the  current  state  and  taking  into  account  the  current 
economic  difficulties  the  realization  of  the  navigation  services 
programme  of  the  CIS-users  is  planned  in  two  stages  (Fig.  1)  : 

Stage  I  :  (till  1997)  carrying  out  the  works  needed  to  increase  the 
effectiveness  of  the  use  of  radionavigation  systems  for  general  use, 
which  are  currently  being  used  : 

-  the  completion  of  the  GLONASS  SNS  configuration; 

-  carrying  out  conjugation  works  of  the  Russian  and  foreign 
navigation  systems  for  common  use,  the  creation  of  unified 
systems  and  systems  for  combined  use; 

-  the  creation  of  differential  subsystems  of  the  GLONASS, 
ALFA,  CHAYKA  navigation  systems  and  their  introduc¬ 
tion; 

-  the  development  of  different  types  of  integrated  receiver 
indicator  equipment  for  air,  naval  and  ground  users; 

-  the  development  of  automatized  control  systems  for  all 
kinds  of  transport  based  on  radionavigation  fields; 

-  the  creation  of  a  single  structure  for  CIS  navigation 
services. 

Stage  2  :  (till  2000)  the  integration  of  Russian  and  foreign 
navigation  systems  for  general  use,  the  introduction  of  a  single 
structure  for  the  CIS  navigation  services  into  the  navigation 
systems  of  Europe  and  the  rest  of  the  world  : 

-  the  organization  of  the  serial  production  of  different  types 
of  integrated  receiver  indicator  equipment  in  a  way  that 
satisfies  the  needs  of  aviation,  naval  and  ground  users; 
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Fig.l.  PNS  application  phases 
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-  the  introduction  in  practice  of  ways  of  applying  integrated 
navigation  systems  for  air  and  naval  navigation; 

-  the  creation  and  introduction  of  automated  control  systems 
of  all  types  of  transport  based  on  radionavigation  fields; 

-  the  development  of  a  network  of  ground  stations  of  the 
CHAYKA/LORAN-C  systems  based  on  new  generation 
equipment; 

-  working  out  perspective  trends  for  the  realization  of 
technical  navigation  means; 

-  the  functioning  of  a  single  structure  for  CIS  navigation 
services  within  the  navigation  structures  in  Europe  and  the 
rest  of  the  world. 

In  the  radionavigation  plan  of  the  Russian  Federation  and  CIS 
the  development  of  the  RNSS  GLONASS  has  the  highest  priority. 
The  RNSS  which  are  based  on  the  coordinated  use  of  movement 
and  radiation  of  the  signals  from  a  satellite  network,  are  global 
systems  which  function  continuously  and  almost  instantaneously 
provide  navigation  applications. 

The  level  of  technical  solutions  which  in  time  has  grown,  has 
allowed  the  RNSS  to  substantially  enhance  the  accuracy  of  the 
determination  coordinates  and  user  movement  parameters.  This  is 
why  the  RNSS  represent  a  qualitative  new  phase  in  the 
development  of  radionavigation  technical  science. 

The  basic  advantages  of  RNSS  are  :  the  unlimited  scope  of 
operation  in  near  space;  the  high  accuracy  of  coordinate  and 
speed  component  determination  in  space;  the  simple  navigation 
determinations  transmitted  in  one  coordinate  system  for  all  users, 
the  accuracy  does  not  depend  on  the  time  of  day,  seasons  or 
hydrometeorological  conditions;  the  high  reliability;  the  endless 
number  of  objects  that  can  be  served;  the  possibility  in  one  and 
the  same  radionavigation  field  to  use  receiver  indicator  equipment 
with  different  levels  of  accuracy  and  operation  capabilities  with  a 
different  composition  of  the  determined  parameters.  Up  to  now 
none  of  the  existing  varieties  of  radiotechnical  means  for  close  and 
distant  navigation  has  been  able  to  fulfil  the  needs  for  accuracy 
and  range  of  operation  needed  for  the  navigation  services  for 
several  objects.  The  RNSS  are  the  first  RNS  which  provide  a 
strictly  accurate  navigation  on  a  global  scale.  This  is  why  they  are 
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the  first  systems  with  a  worldwide  application  which  are  able  to 
solve  navigation  problems  for  any  moving  object.  The 
improvement  of  navigation  services  for  moving  objects  during  the 
90ies  and  at  the  beginning  of  the  2 1  th  century  will  depend  first  of 
all  on  the  development  and  introduction  in  practice  of  exactly 
these  systems,  although  for  economic  and  reliability  reasons  they 
will  be  used  in  combination  with  RNS  with  a  ground  network  of 
support  points. 


Future  ways  for  developing  and 
improving  radionavigation  systems. 

The  analysis  results  (tests  performed  by  radionavigation  services) 
of  the  degree  of  satisfaction  concerning  the  demands  of  different 
groups  of  users  suggest  that  the  following  steps  should  be 
undertaken : 

-  enhancement  of  the  accuracy  to  determine  an  object’s 
position; 

-  improvement  of  the  system’s  availability; 

-  increase  of  RNS  integrity; 

These  problems  can  be  solved  by  : 

-  using  differential  subsystems  (modes)  and  relative 
navigation  means; 

-  integrating  the  different  radionavigation  systems  and 
creating  a  single  radionavigation  field; 

-  improving  the  technical  characteristics  of  the 
radionavigation  systems  and  user  receiver  indicator 
equipment. 

Differential  subsystems  of  space  radionavigation  systems 

One  of  the  possible  versions  of  a  differential  subsystem  can  be  the 
implementation  of  a  reference  station  as  a  pseudo-satellite  which 
transmits  differential  corrections  simultaneously  with  the 
navigation  signal  similar  to  the  signal  transmitted  by  a  navigation 
system  satellite  (Fig.  2). 
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The  implementation  of  the  GLONASS  SNS  differential 
subsystem  will  provide  an  absolute  position  determination 
accuracy  of  2  to  5  metres  and  a  relative  position  determination 
accuracy  of  about  1  metre.  A  higher  accuracy  of  the  relative 
position  determination  of  several  centimetres  (±10-^  of  the  baseline 
length)  will  be  provided  by  geodetic  measurements  using  carrier 
phase  and  special  processing  techniques. 


Integration  of  radionavigation  systems 

The  land  RNS  systems  (primary  and  supplementary)  are  the 
radionavigation  systems  most  widely  used  up  to  now.  Their 
further  application  will  not  permit  to  satisfy  the  ever-increasing 
requirements  of  primary  user  groups  concerning  accuracy, 
availability  and  navigation  support  integrity. 

With  the  introduction  of  the  new-generation  GLONASS  (Russia) 
and  GPS  (US)  space  radionavigation  systems  it  will  become 
possible  to  satisfy  the  basic  user  needs  for  navigation  support 
accuracy.  However,  also  in  this  case  availability  and  integrity  user 
requirements  (for  air  and  marine  users,  in  particular)  may  remain 
unsatisfied. 

To  improve  such  navigation  support  characteristics  as  availability 
and  integrity  it  is  expedient  to  establish  integrated  RNS  systems 
(Fig.  3).  Improved  availability  and  integrity  of  the  integrated  RNS 
is  achieved  through  multiple  radionavigation  coverage. 

The  simultaneous  operation  of  several  Russian  and  foreign  space 
and  land  radionavigation  systems  enables  a  combined  and 
integrated  usage  in  order  to  achieve  higher  accuracy,  availability 
and  integrity. 

The  following  integrity  versions  are  possible: 

1.  Space  RNS  -  space  RNS; 

2.  Space  RNS  -  land  RNS; 

3.  Land  RNS  -  land  RNS. 
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Integration  of  space  radionavigation  systems 

The  purpose  of  integrating  space  radionavigation  systems  is 
establishing  a  versatile  RNS  which  will  function  as  the  primary 
radionavigation  system  for  air,  marine,  land  and  space  users. 

The  integration  of  the  GLONASS  (RF)  and  GPS  (US)  SNS 
systems  is  one  of  the  most  promising  ways  to  integrate  two  SNS. 

Integrating  the  GLONASS  and  GPS  systems  means: 

integrating  their  radionavigation  fields,  i.e.  the  possibility  of  the 
combined  use  of  navigation  parameters  by  each  of  the  integrated 
systems  when  solving  navigation  problems; 

integrating  user  receiver  equipment  operating  in  the 
GLONASS/GPS  systems.  The  combined  utilization  of  navigation 
parameters  (pseudo-ranges  and  pseudo-speeds)  requires  the 
elimination  of  discrepancies  in  the  GLONASS  and  GPS 
coordinate  systems  and  time  scales. 

Ephemeric  data  received  from  the  satellites  of  each  system  is 
calculated  in  its  own  coordinate  system:  i.e.  PZ-90  for  GLONASS 
and  WGS-84  for  GPS.  To  convert  from  one  coordinate  system  to 
the  other,  transition  matrix  elements  should  be  specified  by  way  of 
experiment  with  the  GLONASS  and  GPS  user  equipment. 

Frequency  and  time  corrections  must  be  regularly  detennined  and 
inserted  into  the  coordinate  and  time  data  onboard  each  satellite 
of  the  GLONASS  system  in  order  to  remove  the  discrepancies 
between  their  time  scales. 

The  realization  of  the  GLONASS/GPS  SNS  integration  depends 
on  how  fast  the  issues  on  radionavigation  field  integration  can  be 
settled  and  user  receiver  equipment  designed  and  standardized. 

The  integration  of  the  GLONASS/GPS  space  systems  will  permit 
to  establish  the  basic  global  radionavigation  system,  which  meets 
present-day  and  future  air,  marine,  land  and  space  user 
requirements. 
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Integration  of  land  and  space  radionavigation  systems 

The  integration  of  land  and  space  radionavigation  systems  will 
allow  the  establishment  of  an  integrated  radionavigation  system 
outperforming  each  of  its  component  systems.  The 
implementation  of  integrated  land  and  space  systems  requires  the 
integration  of  their  radionavigation  fields  and  user  receiver 
equipment  which  necessitates  removing  the  discrepancies  in  the 
coordinate  systems  and  time  scales. 

The  combination  of  both  the  Chayka/GLONASS  systems  is  one 
of  the  ways  in  which  the  Russian  land  and  space  radionavigation 
systems  may  be  integrated. 

The  integration  of  the  above  mentioned  systems  will  help  improve 
their  availability  and  integrity  in  geographic  regions  limited  by  the 
coverage  of  the  land  RNS  chains.  The  availability  and  integrity  of 
the  land  and  space  systems  lies  between  0.997  to  0.998,  whereas  in 
the  integrated  RNS  these  factors  will  reach  l.O. 

The  integrated  Chayka/GLONASS  radionavigation  system  can 
be  further  employed  as  the  primary  system  for  all  phases  of 
navigation,  except  categorized  approach  and  landings  and 
manoeuvering  in  port  areas. 


The  concept  of  establishing  a  single 
radionavigation  field 

The  concept  of  establishing  a  radionavigation  field  presupposes 
the  integration  of  radionavigation  systems. 

A  single  radionavigation  field  is  a  totality  of  integrated  space-  and 
land-based  RNS  radionavigation  fields  which  possess  a  unified 
(or  congruent)  coordinate-time  basis  and  coordinated  structure  of 
navigation  signals. 

The  efficiency  of  operations  in  a  single  radionavigation  field  will 
depend  on  the  degree  of  concordance  of  the  coordinate  systems 
and  time  scales  in  the  integrated  systems. 
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The  single  coordinate-time  basis  and  coordinated  signal  structure 
will  provide  the  development  of  unified  receiver  modules.  Such  a 
modular  structure  should  give  the  possibility  that  the  necessary 
receiver  types  may  be  chosen  by  any  user  depending  on  the 
composition  of  the  employed  integrated  radionavigation  systems. 

The  combined  processing  of  the  navigation  parameters  through 
measurements  taken  from  any  three  radionavigation  signals  (one 
satellite  and  two  ground-based  stations,  two  satellites  and  one 
ground-based  station,  etc)  will  improve  the  probability  (reliability) 
of  the  navigation  determinations.  The  redundancy  of  navigation 
measurements  in  the  unified  radionavigation  field  will  also  permit 
to  monitor  the  system’s  quality  almost  in  real  time. 

The  accuracy  improvement  of  the  characteristics  to  a  few  metres 
(centimetres  for  carrier  phase  measurements)  with  simultaneous 
enhancement  of  availability  and  integrity  of  the  navigation 
support  in  the  regions  equipped  with  ground  RNS  stations  can  be 
achieved  through  combining  the  functions  of  ground  RNS  with 
those  of  the  pseudo-satellites  and  through  the  realization  of  the 
GLONASS  differential  mode. 

The  united  radionavigation  field  can  be  based  on  the  GLONASS 
SNS  radionavigation  field  which  will  supply  the  unified  time  scale 
(UTS  SU)  and  coordinate  system  (PZ-90)  for  all  ground  RNS 
systems. 

The  use  of  a  single  radionavigation  field  will  make  it  possible  to 
satisfy  the  navigation  support  needs  of  the  primary  user  groups, 
and  it  will  also  increase  the  probability  of  a  continuous  navigation 
support  and  the  possibility  of  mutual  control  by  the  space-  and 
land-based  RNS. 

In  the  first  phase  this  united  radionavigation  field  will  cover 
separate  regions  in  the  ClS-countries,  covered  by  the  ground 
RNS,  and  it  will  further  be  expanded  as  the  ground  network  is 
being  extended. 


982 


8 


Future  development  of  the  RNS  user  equipment 

The  development  of  receiver  equipment  must  be  directed  towards: 

improving  the  accuracy  through  utilizing  correction  reception 
differential  modes  and  reducing  measurement  channel 
instrumental  errors; 

improving  functional  capabilities  and  services,  including 
application  of  electronic  maps; 

improving  reliability,  interference  resistance  and  electromagnetic 
compatibility; 

providing  autonomous  integrity  monitoring  means; 
reducing  dimensions  and  weight; 

reducing  equipment  costs  and  providing  its  availability  to  the 
mass  user; 

providing  the  opportunity  of  complex  utilization  with  other 
autonomous  and  navigation  means; 

unifying  units  and  elements  used  in  the  navigation  equipment  for 
various  applications; 

constructing  integrated  modular  user  equipment. 

A  unified  family  of  equipment  is  the  most  promising  direction  for 
further  development  of  air,  marine,  land  and  space  user 
equipment. 

The  development  of  integrated  user  equipment  is  one  of  the 
conditions  for  establishing  a  single  radionavigation  field.  The 
optimum  construction  of  integrated  user  equipment  presupposes  a 
joint  utilization  of  navigation  parameter  measurements  from 
various  RNS  systems  for  solving  navigation  problems. 

The  following  integrated  equipment  types  are  possible  depending 
on  the  type  of  the  integrated  RNS  systems: 

-  the  integrated  equipment  for  the  GLONASS/GPS  space  radio¬ 
navigation  systems; 
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-  the  integrated  equipment  for  the  ground  and  space  RNS 
systems:  Chayka/GLONASS,  Alfa/GLONASS; 

The  development  of  integrated  user  equipment  of  the 
Chayka/GLONASS,  Alfa/GLONASS,  Chayka/Loran-C  types 
must  be  a  constituent  part  of  the  general  programme  for 
establishing  integrated  RNS. 


Conclusion 

Today,  the  information  about  user  coordinates  and  time  is 
provided  by  systems  and  means  which  are  being  developed 
separately. 

The  basic  goal  of  the  Radionavigation  Plan  is  the  creation  of  a 
single  time  and  coordinate  system  which  will  function 
continuously  via  a  single  information  algorithm  and  as  the  sum  of 
the  means  and  systems  for  the  ground  and  space  navigation  as 
well  as  time-study,  metrology,  astronomy,  geodynamics  and 
fundamental  and  applied  geodesy.  This  will  allow  the  users  to 
determine  their  coordinates  with  the  required  accuracy,  reliability 
and  operation  capabilities  as  well  as  establish  the  time  correlation 
in  which  the  users  are  interested. 
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by  Decree  of  Russian  Goverment  N  237  of 
07.03.95.  Due  to  this  Decree  the  Ministry  of 
Defence,  the  Russian  Space  Agency  and  the 
Ministry  of  Transportation  were  ordered  to 
develop  a  program  of  civil  use  of  GLONASS 
system  including  design  and  production  of 
navigation  equipment,  development  of 
differential  subsystem  as  well  as  to  continue 
the  use  of  this  system  as  the  international  one. 


CONSTALLATION  STRUCTURE 

Figure  1  shows  the  structure  of  system 
constallation  on  July,  1995.  On  launching  on 
25.07.95,  the  satellites  were  injected  in  the 
10th,  11th  and  15th  orbital  slots,  and  as  the 
result  now  we  have  22  functional  satellites  in 
orbits. 


BSfTRODUCnON  Table  1 


On  September  24,  1993,  the  President  of 
Russian  Federation  gave  orders  to  put 
into  operation  the  global  navigation  satellite 
system  GLONASS  consisted  of  12  satellites. 
Simultaneously  the  decision  was  made  to 
extend  the  system  up  to  24  satellites  in  1995.  At 
the  present  moment  22  satellites  of  the  system 
are  injected.  In  IV  quarter  of  1995  the  launch 
of  3  satellites  block  is  planned  to  be  performed. 
Thus,  the  GLONASS  system  will  be  completed. 

Previously  the  documentation  was  presented 
to  the  international  organizations  (ICAO  and 
IMO)  with  guarantees  to  provide  the  use  of 
GLONASS  system  in  the  interests  of  the 
world  community  during  15  yeas,  not  less.  The 
completion  of  the  system  in  1995  was  confirmed 
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According  to  the  data  on  July  1995  (the 
assessment  of  23  selected  satellites  beginning 
with  "Kosmos  1948”),  the  lifetime  was  equal  to 
3,43  years  ( the  calculated  value  was  equal  to 
3,14  years). 

The  spent  life  time  period  data  expressed  in 
terms  of  years  on  July,  1995,  is  shown  in  the 
Table  1. 

The  analysis  of  spent  life  period  data  in  Table 
1  shows  that  after  the  successful  launch  of  the 
next  block  of  satellites  till  the  end  of  1995 
the  total  number  of  sateUites  is  planned  to  be 
up  to  24. 

In  GLONASS  system  the  characteristics  are 
provided  with  the  accuracy  of  0,95  in  the  case  of 
21  satellites  in  orbit.  Thus,  August  of  1995  is 
considered  to  be  the  formal  date  of  full-scale  use 
of  GLONASS. 


month's  base  does  not  exceed  10%.  The 
ionosphere  plays  the  main  role  in  the  values  of 
expectation  of  vertical  component  as  the 
control-testing  equipment  of  navigation  field 
conducts  the  measurements  on  one  frequency. 

Program  of  GLONASS  system  modification 

In  order  to  improve  the  efficiency  of  system 
and  accuracy  of  its  characteristics,  the 
GLONASS  modification  program  was  begun 
in  1989. 

The  program  provides: 

a)  satellite  modification; 

b)  modification  of  on-ground  control  segment; 

c)  improvement  of  accuracy  of  system's 
characteristics. 


GLONASS  system  is  based  on  the  principle 
of  sateUite  replacement  by  injecting  3  sateUites 
block  in  the  event  of  one  satellite  fails  in  orbital 
plane.In  this  case  two  remained  satellites  wiU 
represent  the  orbital  redundancy.  In  these  terms 
the  orbital  constaUation  may  consist  of  up  to  6 
redundant  satellites.  It  aUows  to  reduce  the  time 
required  to  replace  the  failed  satellites. 


SYSTEM  ACCURATE  CHARACTERISTICS 

Table  2  shows  the  experimental  data  on 
positioning  accuracy  from  January  tiU  July, 
1995,  which  were  obtained  with  the  control¬ 
testing  equipment  of  navigation  field  on  the 
posts  of  Moscow  and  Komsomolsk-on-Amur. 
Data  are  presented  as  the  point  estimations  (M) 
and  RMS  values  of  coordinate  errors 
determined  under  the  selection  of  measurements 
at  the  month's  interval. 


Table  2. 


JAN 

FEB 

MART 

JUN 

JUL 

RMS 

B 

7.8 

11.3 

9.1 

7.2 

8.3 

H(m) 

12.8 

15.9 

14.2 

14.0 

14.2 

L 

8.4 

11.7 

9.2 

9.6 

8.6 

M 

B 

2.8 

1.4 

1.2 

1.3 

1.5 

H(m) 

15.0 

13.6 

14.3 

17.2 

16.2 

L 

2.0 

3.0 

1.0 

-0.4 

1.2 

The  analysis  of  the  analogue  data  in  1992,  1993 
and  1994  given  in  Fig.  2  shows  the  stability  of 
these  data.  The  scatter  in  the  data  on  the 


In  this  program  the  satelUte  modification  is  the 
key  element  for  the  major  characteristic  of  the 
system.  The  satellite  modification  includes  the 
foUowing: 

-  extention  of  quaranteed  lifetime  of  sateUite 
up  to  5  years; 

-  transition  to  frequency  band  (1598,0625  - 
1605,3750)  ±0.51 1  MHz;  reduction  of  out-of- 
band  interference  level  to  satisfy  the  ITU 
(International  Telecommunication  Union) 
standards; 

-  improvement  of  stability  of  on-board 
synchronizing  device  up  to  1x1 0-* ^  relative 
units; 

-  improvement  of  sateUite  dynamic  in  order 
to  improve  the  accuracy  of  ephemeris 
forecast; 

-  navigational  signal  transmission  on  F2 
frequency  for  civil  users  in  order  to 
eliminate  the  ionospheric  component; 

-  transmission  of  warning  signal  of  sateUite 
unsuitability  as  a  component  of 
navigationalinformation  within  10  seconds 
after  the  fault  occurs. 

Modification  of  on-ground  control  segment 
includes  the  modification  of  the  control  centre, 
the  development  of  up-to-date  measuring 
devices  for  radio  monitoring  of  orbit  and 
control  devices,  modification  of  contact  between 
control  stations  and  control  centre. 
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The  implementation  of  these  items  allows  to 
increase  the  ephemeris  accuracy  by  30  -j-  40%,  to 
increase  the  accuracy  of  navigational  signal 
phase  synchronization  twice  or  thrice  (15ns),  to 
eliminate  the  ionospheric  component  of 
pseudorange  error. 

At  the  present  moment  the  progress  of 
modem  technology  allows  to  produce  the  user 
navigational  equipment  with  the  accuracy  of 
pseudorange  measurement  within  limits  of 
0, 1^0,2  to  1^5  meters. 

Table  3  shows  the  planned  assessment  of 

accurate  characteristics  for  standard  orbital 

constallation  when  the  user  works  with  4 

satellites  with  the  pseudorange  measurement 

accuracy  of  5  m,  radial  pseudospeed  of 

0,0 1  m/sec  for  fixed  user  and  with  ideal  ballistic 

structure. 


Table  3 


Coordination 

error 

[m;sm/s] 

Probability  level 

0,997 

0,95 

0,68 

B,  M 

16,0 

10,4 

4,0 

H,m 

36,8 

24,0 

10,0 

L,  M 

16,8 

10,4 

5,0 

Vb,  sm/s 

1.6 

0,9 

0,5 

Vh,  sm/s 

3,6 

2,2 

1,6 

Vl,  sm/s 

1,7 

1,0 

0,5 

Table  4  represents  the  accuracy  characteristics 
of  GLONASS/GPS  combined  navigational 
field;  these  characteristics  are  averaged  within 
24  hours'interval  on  Earth  surface.  The  data  are 
obtained  for  undisturbant  orbital  structures,  and 
include  the  following  items: 

~  user  operation  with  all  visible  satellites; 

-  error  of  intersynchronization  of  GLONASS 
and  GPS  systems  is  equal  to  15  ns; 

-  angle  of  user  radiovisibility  is  equal  to  5 
degree; 

“  error  of  system  coordinate  correlation  is 
equal  1,5m; 

-  error  of  pseudorange  measurement  for 
GLONASS  system  is  equal  to  3m  and  for 
GPS  system  is  equal  to  4m. 

In  this  case  the  GPS  system  operation  was 
simulated  using  the  coarse  ephemiris  mechanism 
and  time  correction  ( these  error  components 


were  applied  according  to  standard  law  of 
distribution). 


Table  4 


Coordination 

error 

[m] 

Probability  level 

0,997 

0,95 

0,68 

B 

41,6 

27,2 

12,8 

H 

99,2 

64,0 

32,0 

L 

46,4 

28,0 

14,4 

The  analysis  of  data  of  Tables  3  and  4  shows 
that  the  deterioration  of  GLONASS-M  system 
accuracy  level  is  resulted  from  co  arsing  the 
information  of  GPS  system  under  the  standard 
mode  of  positioning.To  our  mind,  the  usage  of 
more  complicated  methods  of  processing  the 
navigational  information  with  the  priority  of 
GLONASS-M  system  being  more  precise,  will 
allow  the  accuracy  of  combined  navigational 
field  to  approach  the  level  of  GLONASS-M 
accuracy. 

With  the  completed  GLONASS/GPS 
constallation  the  users  can  get  the  advantages 
of  combined  navigational  field  right  now. 

Table  5  represents  the  estimating  meanings  of 
accuracy  characteristics  of  combined 
navigational  field  for  various  probabihty  levels 
and  constallations  of  (21+21)  and  (24+24) 
satellites. 

The  results  are  obtained  using  the  same  initial 
data  as  the  ones  represented  in  Table  4  plus 
ionospherical  component  of  error  which  then 
is  converted  into  vertical  component  for  very 
probability  level  and  increases  it  by  27  m. 


Tab 

le5 

Coordination 

error 

[m] 

Probability  level 

0,997 

0,95 

0,68 

21+24 

B  max 

48,0 

32,0 

16,0 

H  max 

154,0 

101,0 

63,0 

L  max 

58,0 

36,0 

18,0 

24+24 

B  max 

42,0 

26,0 

14,0 

H  max 

133,0 

91,0 

59,5 

Lmax 

46,0 

30,0 

14,0 

Table  5  shows  that  the  use  of  GLONASS/GPS 
constallation  of  42-48  satellites  allows  to 
improve  accuracy  of  positioning. 


SYSTEM  RADIONAVIGATIONAL  PLAN 

The  following  schedule  of  step-by-step  changes 
of  frequency  band  was  approved  to  provide 
electromagnetic  compatibility  of  GLONASS 
system  and  radio  position  service  systems, 
mobile  satellite  service  and  radioastronomers. 

At  the  first  stage  (up  to  1998)  GLONASS 
system  will  use  the  navigational  signals  with 
characters  from  1  to  14  and  from  21  to  24. 
Antipodal  satellites  will  use  the  same  characters. 
At  this  stage  the  modified  GLONASS  satellite  is 
planned  to  be  developed  in  order  to  transmit 
the  signals  within  frequency  range  of  LI 
1601,4375-1598,0625  MHr, 

L2  1242,9375  -  1245,5625  Mhz  with  the 
negative  characters  from -7  to -1.  The  satellite 
is  proposed  to  be  equipped  with  the  filters  to 
reduce  the  wide-band  radiation  in  the 
frequency  range  of  1630  -  1670  MHz  to  the 
radiation  level  reconunended  by  CCIR.  At  the 
second  stage  (up  to  the  2004)  the  satellites  with 
the  characters  from  0  to  1 2  be  under 
operation  continuously,  and  the  satellite  with 
the  character  13  will  be  used  as  technological 
one  on  case  by  case  base.  Simultaneously  the 
modified  satellites  newly  comissioned  can  also 
have  the  characters  from  -7  to  -1.  At  the  third 
stage  (beginning  from  2005)  all  the  satellites 
being  under  operation  will  use  the 
navigational  signal  with  characters  from  -7  to 
+6,  and  characters  from  +5  and +6  will  be 
used  only  as  technological  ones  within  limited 
periods  of  time. 

PROPOSALS  OF  GLONASS/GPS 
COMBINED  USAGE 

Since  GLONASS  and  GPS  systems  being 
offered  for  international  purposes  as  weU  as 
concepts  for  combined  use  of  these  systems 
being  developed,  the  Russian  and  American 
sides  (FAA,  DOD,  ARING,  HoneyweU,  North 
West  Airline,  etc.)  have  been  cooperating 
profitably  in  developing  standards  for  aircraft 
equipment.  The  approached  technical  solutions 
allowed  to  refuse  the  deeper  integration  of 
systems  with  specified  level  of  accuracy  when 
the  combined  navigational  field  is  used. 
Simultaneously  the  limitation  of  each  system  in 
terms  of  availability  and  integrity  for  aviation 
users  were  established. 

It  should  be  noticed  that  aviation  user 
requirements  are  more  strict 
(0,999  -  0,99999)  and  require  the  special 
development.  To  our  opinion  these 
requirement  would  be  met  using  two 
navigational  systems  and  additional 
communication  subsystem.  This  subsystem  must 


consist  of  communication  satellites  in 
geosynchronous  orbits  (in  geostationary  orbits 
or  in  orbits  of  'TUNDRA”  type)  and  on¬ 
ground  control  equipment  of  navigational  field 
performing  the  functions  of  differential  station 
network  and  control.  Communication  satellite 
can  settle  the  following  problems: 

-  to  transit  the  information  for  automatic 
dependent  surveillance  (ADS)  in  the  interests 
of  ATM; 

-  to  transit  differential  corrections  for  ADS 
zone  and  worldwide,  if  necessary; 

-  to  transit  the  information  of  GLONASS 
and  GPS  integrity.  The  studying  of  the 
different  solutions  of  the  above  problems 
were  held  in  [4,  5,  6].  We  also  have  at  least 
two  problems  to  be  solved  in  the  future. 

They  are: 

-  the  connection  of  coordinate  systems  used  - 
n3-90  and  WGS-84 

-  synchronization  of  UTC  (SU)  and  UTC 
(USNO)time  scales. 

At  the  present  moment  GLONASS  and  GPS 
use  two  equal  accurate  coordinate  systems 
with  the  following  main  characteristics  (see 
Table  5). 

Russian  geodesists  received  by  the  indirect 
means  the  variables  to  assess  the  connection  of 
these  two  systems: 

X  =  y  =  0,  z  =  1,5,  m  =  0, 

Wx  =  Wy  =  0,  Wz  =  -0,076" 

These  assesments  are  preliminary  [8].  Neglet  of 
these  connections  variables  of  two  systems 
may  lead  to  errors  in  positioning  in  limits 
within  10  -  15m.  Taking  into  account  the 
specified  level  of  system  accuracy  characteristics 
(in  limits  within  100  -  150m  approximately) 
and  the  given  accurate  redundancy  of 
GLONASS, the  value  of  1 0  -  1 5m  practically 
does  not  impact  the  specified  level  of 
positioning  accuracy  if  the  user  works  with  the 
satellites  of  two  positioning  systems  at  a 
moment.  But  in  the  case  of  improvement  of 
systems  accuracy  characteristics  within  the  limits 
of  10-20m  one  should  take  this  value  into 
account. 
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Table  6 


Characteristics 

RMS  error 

n3-90 

WGS-84 

Post  locations  relative  to 
Earth’s  centre  of  mass,  m 

2 

2 

Relative  locations  of  posts, 
m 

0,2 

0,1  0,5 

Geoid  altitude  above 
terrestrial  eUipsoid,  m 

1,5 

1,5 

Table  6  shows  that  the  range  of  coordinate 
systems  accuracy  possibilities  by  a  factor  of 
100  differs  the  same  characteristics  of 
GLONASS  and  GPS.  The  analysis  of 
radionavigational  plan  shows  the  largely 
extention  of  system  possibilities  depending  on 
the  given  accuracy  [2,  3].  In  this  connection 
the  trend  to  provide  the  higher  accuracy  to  the 
civil  users  will  exist  in  the  future  as  well.  The 
second  problem  is  to  provide  the 
synchronization  of  systems  time  scales  with  the 
correction  accuracy  transmitted  in  navigational 
frame  (message).  Modified  satellites  of 
GLONASS-M  are  designed  to  transmit  the 
corrections  to  GLONASS  time  scale  relative  to 
GPS  time  scale.  The  calculation  of  these 
corrections  with  the  accuracy  adopted  for 
each  system  would  allow  to  solve  the  problem 
on  any  four  sateUtes  from  the  constallation  of 
48  satelhtes  with  the  standard  mode  of 
positioning.  To  solve  these  problems  one  should 
have  the  set  of  highly  accurate  equipment  to 
fix  the  time  scale  of  GPS  connected  with  the 
central  synchronizer  of  GLONASS  system. 
Conceptually  the  more  precise  decision  of  this 
problem  is  possible.  For  this  purpose  one 
should  use  the  analogue  set  mounted  at  the 
place  of  GPS  time  reference.  The  set  provides 
the  subsequent  exchange  of  measuring 
information  and  calculations  of  corrections 
throughout  the  whole  number  of  measurements. 


and  to  reduce  the  effect  of  geometrical  factors 
of  positioning.  Under  this  conditions  the 
presence  of  coarsing  mode  in  GPS  system 
combined  with  the  usage  of  combined 
navigational  field  in  standard  mode  of 
positioning  results  in  the  deterioration  of  level 
of  GLONASS-M  accuracy.  To  our  mind,  the 
usage  of  more  complicated  methods  of 
processing  the  navigational  information  with 
the  priority  of  GLONASS-M  system  being 
more  precise,  will  allow  the  accuracy  of 
combined  navigational  field  to  approach  the 
level  of  GLONASS-M  accuracy. 
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CONCLUSIONS 

1995  is  the  date  of  completion  of  GLONASS 
system  consisting  of  24  satellites  and  the  date 
of  the  beginning  of  its  fuU-scale  operation.  As  it 
was  mentioned  previously  the  Russian 
Ministry  of  Defence  and  the  Russian  Space 
Agency  guarantee  that  the  system  will  be 
under  operation  during  15  years  period. 
Simultaneously  we  continue  to  modify  the 
system  in  order  to  have  the  accurate 
characteristics  of  30-40  m  (limiting  values)  in 
the  future.  The  usage  of 
GLONASS/GLONASS-M  navigational  field 
combined  with  GPS  allows  to  improve  the 
positioning  reliability 
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ABSTRACT 

Currently^ the  GLONASS  system  is  in  its  final  phase  of 
full  deployment.  As  it  was  declared  earlier,  full  deployment 
of  the  system  consisting  of  24  satellites  would  be  finished 
by  the  end  of  1995. 

It  is  known,  that  frequency  band  of  the  GLONASS 
navigation  signals  overlaps  with  the  band  used  by  the  Radio 
Astronomy.  In  order  to  avoid  interferences  in  the  Radio 
Astronomy  band,  the  plan  have  been  developed  and  is 
implemented  now  for  gradual  changing  of  the  GLONASS 
navigation  frequency  bandwidths. 

In  order  to  improve  navigation  accuracy  for  civil 
users,  the  modernization  of  the  navigation  L2-signal  is 
undertaken.  Modernized  GLONASS-M  satellites  will  broadcast 
L2-signals  destined  as  for  military  as  for  civil  use.  This 
will  allow  civil  users  to  exclude  automatically  that  portion 
of  measurement  error  caused  by  the  ionospheric  refraction. 

One  of  the  most  important  tasks  linked  with  the  full 
system’s  deployment  is  a  task  of  integrity  maintenance.  For 
the  sake  of  this  task,  creation  of  additional  GLONASS 
integrity  monitoring  stations  will  be  started  on  the 
territory  of  Russia  in  1995.  These  stations  will  be  linked 
into  a  single  network  with  an  internal  information  exchange, 
allowing  fast  detection  and  uploading  aboard  the  satellites 
information  on  possible  degradation  of  navigation  signal’s 
quality.  These  monitoring  station  will  at  the  same  time 
serve  as  differential  stations  and  will  form  the  wide  area 
differential  network.  The  monitoring  station  will  be  based 
upon  the  16-channel  combined  GLONASS/GPS  receivers,  allowing 
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to  monitor  integrity  and  form  differential  corrections  for 
satellites  of  both  GLONASS  and  GPS  systems. 

Combined  usage  of  the  GLONASS  and  GPS  systems  in  near 
terms  should  become  the  real  factor  improving  reliability 
and  availability  of  navigation  for  civil  users. 

Analysis  made  on  similar  and  different  features  of 
both  systems  confirms  existence  of  two  aspects  requiring 
mutual  discussions  and  further  cooperation  between  the 
Russian  and  the  US  specialists.  These  aspects  are 
differences  in  time  scales  and  coordinate  systems  adopted  in 
the  GLONASS  and  GPS. 

Russian  specialists  are  ready  for  cooperation  in  this 
area  and  intended  to  broadcast  the  time  scale  difference 
within  the  GLONASS  navigation  message.  However,  the 
divergence  between  the  GLONASS  and  GPS  coordinate  systems 
can  be  determined  most  accurately  and  reliably  by  means  of 
mutual  efforts  of  the  Russian  and  US  specialists. 


1.  INTRODUCTION 

The  GLONASS  system  currently  is  in  its  final  phase  of 
full  deployment.  As  it  was  declared  earlier,  full  deployment 
of  the  system  consisting  of  24  satellites  would  be  finished 
by  the  end  of  1995. 

The  process  of  transformation  of  the  GLONASS  into 
continuously  operating  system  attracts  advanced  requirements 
to  reliability  of  space  and  ground  segments  and  to 
compatibility  of  GLONASS  navigation  signals  with  signals  of 
other  radio  systems.  Also,  there  is  a  constant  growth  of 
user’s  requirements  in  terms  of  navigation  accuracy  and 
integrity,  where  the  term  integrity  means  the  ability  of  a 
system  to  provide  timely  warnings  to  users  when  the  system 
shouldn’t  be  used  for  navigation. 
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2.  GLONASS  ADVANCING 


Due  to  the  above  mentioned  reasons,  the  GLONASS 
system  is  being  modernized  currently,  following  directions 
listed  below: 

-  improving  compatibility  of  the  GLONASS  with  other 
radio  systems; 

-  improving  navigation  accuracy  and  improving 
services  represented  by  the  system  to  users; 

-  increasing  reliability  and  lifetime  of  on-board 
satellite  equipment  and  improving  system  integrity; 

-  deployment  of  differential  subsystem. 

Currently,  nominal  values  of  carrier  frequencies  for 
navigation  radiosignals  transmitted  within  LI  and  L2 
bandwidths  are  defined  as  follows  [11: 


f-Li  =  for 

^L2  ■  f02'^  *“*^2 

where:  K  =  0,1,2... 24; 


(1) 

(2) 


fQ^=  1602  MHz;  fQ2=  1246  MHz 
Af^  =  562.5  KHz;  Af2  =  437.5  KHz 


fL2/fLi  =7/9  <3) 

The  carrier  frequency  with  K=0  doesn’t  used  for 
navigation.  It  is  necessary  for  testing  spare  navigation 
spacecraft  in  orbit. 

Thus,  the  GLONASS  navigation  signals  for  civil  use 
occupy  in  LI  bandwidth  the  frequencies  (fig.l): 

Af=( 1602. 5625^1615.5)10. 511  MHz 


The  use  of  frequencies  specified  above  by  the  GLONASS 
satellites,  creates  interferences  to  Radio  Astronomy  within 
the  bandwidth  1610. 6-j-1613. 8  MHz. 
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Carrier  frequencies,  which  may  be  used  under  exceptional  circumstances 


Moreover,  according  to  resolutions  of  WARC-87  and 
WARC-92,  the  bandwidth  1610. 0-5-1626. 5  MHz  is  allocated  on 
primary  base  to  Radiodetermination-Satellite  Service 
( "Earth-to-space" )  and  Mobile-Satellite  Service 
( "Earth-to-space" ) .  The  bandwidth  1613. 8-;-1626. 5  MHz  is 
allocated  to  Mobile-Satellite  "space-to-Earth"  service  on 
secondary  base. 

Considering  for  these  factors,  modernization  of  the 
GLONASS  system  includes  gradual  shifting  and  shrinkage  of 
the  bandwidth  occupied  by  the  system  signals.  The  principle 
of  frequency  division  between  navigation  signals  will  be 
maintained,  but  total  number  of  frequencies  will  be  reduced 
to  12.  To  avoid  internal  interferences  between  the 
satellites  of  modernized  GLONASS  system,  the  satellites 
broadcasting  on  the  same  frequency  will  occupy  opposite 
orbital  points. 

The  process  of  changing  GLONASS  frequencies  will 
include  several  stages  [21. 

Stage  1:  present  to  1998. 

During  this  stage  satellites  stop  transmission  of 
signals  on  frequencies  with  K=  16,17,18,19,20,  i.e  within 
the  bandwidth  1610. 6-M613. 8  MHz,  used  in  Radio  Astronomy. 
Operating  at  that  time  satellites  broadcast  their  signals  on 
frequencies  with  K=0^12  and  K=22,23,24.  Carrier  frequencies 
with  K=13, 14,21  will  have  limited  use:  during  setting  up  the 
satellite  into  operation  mode  after  its  launch,  and  during 
the  satellite’s  prophylactics. 

Stage  2:  1998-2005. 

The  GLONASS-M  satellites  will  broadcast  their  signals 
on  carriers  with  K=0-5-12.  As  an  exception,  sometimes  the 
carrier  with  K=13  may  be  used. 

The  on-board  equipment  of  modernized  GLONASS-M 
satellites  will  contain  filters  rejecting  out-of-band 
emissions  in  the  1660-M670  MHz,  as  recommended  by  the 
ITU-R  RA.769  (-238  dBW/(m^Hz)). 

Stage  3:  beyond  2005. 

During  this  period  the  GLONASS-M  satellites  will 
broadcast  navigation  signals  on  carriers  with  K=  -7•^+4. 
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Carriers  with  K  =  5,6  will  be  used  as  technical  frequencies 
for  interaction  with  ground  control  segment. 

The  on-board  equipment  of  GLONASS-M  satellites 
operating  at  that  time  will  contain  filters  rejecting  out- 
of-band  emissions  in  the  1610.6^1613.8  MHz  and  1660-^- 
1670  MHz,  as  recommended  by  the  ITU-R  RA.769 
(-238  dBW/(m^Hz)). 

In  order  to  increase  the  navigation  accuracy,  the  new 
cesium  frequency  reference  will  be  used  on  the  board  of  the 
GLONASS-M  satellites,  whose  instability  will  account  10 
per  day  [31,  compared  with  5x10"^^  per  day  for  GLONASS 
satellites. 

Currently,  the  signal  for  civil  use  only  is 
broadcasted  in  the  LI  bandwidth.  Meanwhile,  the  ionospheric 
error  component  can  be  as  high  as  30  m  and  more  during  the 
periods  of  maximum  solar  activity. 

That  is  why  the  GLONASS-M  satellites  will  broadcast 
signals  for  civil  use  on  two  bandwidths  (LI  and  L2).  This 
will  allow  users  equipped  with  two-frequency  receivers  to 
reduce  significantly  measurement  error  component  due  to  the 
ionosphere. 

The  power  of  the  signal  transmitted  on  L2  for  civil 
users  will  be  equal  to  10  W.  The  gain  of  transmitting 
antenna  is  8.8  dB  along  the  central  axis  directed  to  Earth, 
and  11  dB  and  9  dB  for  angles  ±15®and  ±19°off  the  central 
axis,  respectively. 

The  ranging  code  of  civil  L2  signal  will  be  formed  as 
pseudorandom  sequence  of  maximal  length  with  repetition 
period  of  1  ms  and  bit  rate  511  Kbit/s.  The  forming 
polynomial  is  as  follows: 

G(x)  =  1  +  x^+  x^ 

Due  to  the  transmission  of  ranging  code  for  civil 
users  in  L2-bandwidth,  the  additional  parameter  ATj^  is 
introduced  in  the  GLONASS-M  navigation  message.  This 
parameter  characterizes  a  difference  between  delays  of 
ranging  codes  in  LI  and  L2  equipment  of  the  satellite.  If 
ATj^>0,  then  L2-delay  is  larger  than  Ll-delay.  If  ATj^<0,  then 
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Ll-delay  is  larger  than  L2-delay.  An  error  of  transmitted 
AXn-value  is  less  than  2x10"^  s. 

Besides  the  At^^-  parameter,  some  more  parameters  are 
introduced  in  navigation  messages,  increasing  reliability  of 
navigation  determinations  of  users. 

The  GLONASS  satellites  transmit  in  their  navigation 
messages  a  parameter,  which  characterizes  the  difference 
between  the  time  scale  of  Central  Synchronizer  (to  which 
phases  of  satellite  ranging  codes  are  referenced)  and  the 
UTC(SU)  time  scale,  to  which  the  satellite’s  ephemerides  are 
calculated.  The  UTC(SU)  scale  can  be  corrected  by  1  sec 
once,  or  twice  per  year,  depending  on  astronomic  time.  The 
correction  can  be  implemented  at  midnights  December, 31- 
January,!,  March, 31-April, 1,  June, 30-July, 1,  September, 30- 
October, 1. 

The  GLONASS-M  navigation  messages  will  contain  the 
sing  of  expectation  of  1-sec  correction  to  UTC(SU).  This 
sign  can  have  four  states: 

10  -  solution  on  implementing  the  time  correction  is 

not  adopted  yet; 

00  -  there  will  be  no  corrections; 

01  -  the  correction  is  expected  by  +1  sec; 

11  -  the  correction  is  expected  by  -1  sec. 

In  the  case,  when  the  solution  on  implementing  the 
UTC  SU  correction  is  adopted,  the  information  on  that  will 
be  introduced  into  the  navigation  message  not  later  than  two 
months  before  implementation. 

Combined  usage  of  GLONASS  and  GPS  systems  give  users 
additional  advantages,  the  basic  of  which  are  increasing  the 
availability,  reliability  of  navigation  and  reduction  of 
GDOP,  due  to  increased  number  of  satellites  in  view.  But 
currently,  application  of  two  systems  simultaneously  for  3-D 
positioning  requires  availability  of  5  satellites  in  view, 
minimum.  This  is  caused  by  the  introduction  of  the  new 
unknown  -  difference  of  ranging  code  phases  between  the 
GLONASS  and  GPS  satellites. 

It  is  expected  to  transmit  the  difference  between  the 
GLONASS  and  GPS  time  scales  within  the  GLONASS-M 
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navigation  message.  This  parameter  will  have  the  range 
±1.9xl0”^s  and  the  value  of  order  bit  as  1x10“^  s. 

Also,  the  navigation  message  will  contain  the 
satellite  identity  as  follows: 

00  -  GLONASS; 

01  -  GLONASS-M. 

The  onboard  equipment  of  the  GLONASS-M  satellites 
will  include  additional  devices  and  additional  cross-links 
between  devices,  in  order  to  increase  reliability  of  onboard 
electronic  equipment  during  satellite’s  lifetime. 

The  system  integrity  monitoring  in  the  GLONASS  system 
is  implemented  in  two  ways  [11. 

First,  each  navigation  satellite  autonomously 
monitors  operation  of  its  onboard  systems.  When  a 
malfunction  occurs  which  may  degrade  the  quality  of 
navigation  signal,  the  satellite  begins  to  transmit  within 
its  navigation  message  the  sign,  signaling  on  bad  "health 
status".  This  method  of  autonomous  monitoring  of.  status  of 
onboard  systems  is  quite  quick,  but  it  doesn’t  capable  of 
discovering  all  possible  malfunctions  in  operation  of  the 
on-board  systems. 

Second,  a  quality  of  navigation  signals  of  all 
satellites  of  the  system  is  constantly  monitored  by  the 
Navigation  Integrity  Control  and  Monitoring  Equipment, 
included  in  the  GLONASS  Subsystem  of  Control  and  Monitoring 
(ground  segment )y  When  a  malfunction  occurs  which  degrades 
the  quality  of  broadcasted  navigation  signal,  the  sign  Cn  is 
introduced  into  satellite’s  navigation  message  indicating 
the  bad  "health  status"  of  a  satellite. 

Improvement  of  the  GLONASS  system  integrity  is 
planned  to  carry  out  acting  in  two  directions:  expanding  the 
range  of  circuits  of  onboard  subsystems  monitored 
autonomously  by  the  on-board  means,  and  deployment  the 
network  of  ground-based  stations  providing  continuous  system 
integrity  monitoring. 

At  the  Russian  Institute  of  Space  Device  Engineering 
the  monitoring  station  have  been  developed  based  on 
16-channel  GLONASS/GPS  receiver.  This  multichannel  receiver 
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is  capable  of  receiving  with  each  its  channel  signals  of 
both  GLONASS  or  GPS. 

Figure  2  shows  the  probability  density  for  numbers  of 
GLONASS  and  GPS  satellites  of  fully  deployed  systems, 
observed  simultaneously. 

The  receiver  was  designed  considering  for 

cost-to-effectivity  ratio  and  has  16  channels  (fig. 3). 

The  purposes  of  monitoring  station  are  the  following: 

-  continious  tracking  of  up  to  16  GLONASS  and  GPS 
satellites,  storing  in  computer  memory  all  received 
measurement  and  digital  information; 

-  continuous  real-time  navigation  using 
constellations  consisting  of: 

GLONASS  satellites  only; 

GPS  satellites  only; 

both  GLONASS  and  GPS  satellites. 

-  analysis  of  error  components  of  navigation 
determinations  and  measurements  of  pseudo  ranges  and  pseudo 
range  rates; 

-  monitoring  of  GLONASS  and  GPS  navigation  signal’s 
and  message’s  quality; 

-  generation  of  differential  corrections  to  measured 
navigation  parameters  and  "health"  statuses  of  observed 
satellites. 

Monitoring  and  differential  station  can  operate 
autonomously,  or  being  controlled  manually  by  operator. 

Operation  of  the  receiver  and  its  reliability  are 
constantly  controlled  by  central  computer  of  the  monitoring 
station.  This  control  is  provided  by  means  of  telemetry 
information  exchange  between  the  computer  and  receiver  in 
real  time,  without  interrupting  signal  reception  and 
measurement  processing. 

The  following  functions  and  parameters  are  monitored 
constantly: 

-  operation  of  delay-locked  loop  of  the  ranging  code, 
phase-locked  and  frequency-locked  loops  of  received  signal; 

-  noise  and  signal  levels  in  each, receiver  channel; 

-  content  of  received  digital  information  (using 
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Fig.  2;  Density  Probability  of  GLONASS  and  GPS  Visible 
Satellite  Numbers  of  Fully  Deployed  Systems. 
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Fig.  3:  GLONASS/GPS  Monitorning  Station. 


Hamming  Code,  and  comparison  of  subsequent  information 
frames). 

If  any  anomalous  measurement  of  pseudo  range  and 
pseudo  range  rate  are  discovered,  then  all,  or  several 
receiver  channels  start  reception  of  signal  from  that 
satellite,  which  yields  anomalous  measurements.  If  all 
signals  received  by  these  dedicated  channels  would  yield 
anomalous  measurements,  then  the  solution  can  be  adopted  on 
bad  "health"  status  of  this  particular  satellite. 

For  example,  figure  4  shows  delta  ranges  5S(t), 
obtained  on  GPS  satellite  measurements: 

5S(t)  =  S(t)  -  S(t-At); 

and  calculated  delta  ranges  6R  for  the  same  time  interval: 

6R{t)  =  R(t)  -  R(t-At). 

At  =  1  s 

Figure  5  shows  delta  range  rates  5S(t),  obtained 
based  on  real  measurements  using  the  same  GPS  satellite  and 
the  same  as  above  time  interval: 

6S(t)  =  S(t)  -  S(t-At): 

Figure  6  shows  differences  of  calculated  and  measured 
parameters,  obtained  using  different  GPS  satellites  NS4  and 
NSl. 


AR4_i(t)  = 

S4(t)  -  R4(t) 

- 

’Sj(t)  -  R4(t)] 

> 

1 

11 

’S4(t)  -  R4(t)l 

- 

S^Ct)  -  R^Ct)] 

Figure  7  shows  the  same  differences  for  GLONASS 
satellites. 

General  estimation  of  navigation  signal’s  quality  is 
performed  using  continuously  obtained  positioning  results. 

For  instance,  figures  8  and  9  show  positioning 
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for  Different  GLONASS  Satellites. 
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Fig. 8:  Positioning  Results  for  GLONASS.  Averaging  Time 
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Fig.9:  Positioning  Results  for  GPS.  Averaging  Time 


results,  averaged  during  To  =  1  sec  and  obtained  using 
GLONASS  and  GPS  satellites  respectively. 

Monitoring  station’s  hard-  and  software  are  capable 
of  continuous  estimating  clock  offset  between  the  GLONASS 
and  GPS  systems,  and  divergence  between  the^SGS  and  WGS 
reference  frames  at  station’s  location.  Station  is  capable 
of  generating  differential  corrections  to  measurements  made 
with  all  satellites  observed. 

Standard  interface  of  the  station  corresponds  to 
interface  of  IBM  PC486DX2.  This  interface  makes  possible 

transmission  of  differential  corrections  and  any  other 
information  generated  by  the  monitoring  station  to  external 

consumers  via  link  channel. 

It  is  planned  to  connect  all  monitoring  stations 

located  on  the  territory  of  Russia  into  wide  area  network, 
providing  users  with  integrity  information  and  GLONASS/GPS 
clock  offset.  This  network  will  also  provide  users  with 

differential  corrections,  whose  accuracy  practically  will 
not  depend  on  distance  to  station,  given  that  user  is  on  the 
territory  covered  by  the  network. 

Combined  application  of  the  GLONASS  and  GPS  systems 
in  near  terms  should  become  the  real  factor  improving 
reliability  and  availability  of  navigation  for  civil  users 
in  the  world. 

Analysis  made  on  similar  and  different  features  of 
both  systems  [4,51  shows  that  the  largest  portion  of 

differences  will  insignificantly  impact  the  complexity  and 
cost  of  combined  GLONASS/GPS  receivers,  due  to  high  speed  of 
operation  and  high  integration  level  of  modern  electronic 
components.  The  GLONASS/GPS  clock  difference  will  be 
transmitted  within  the  GLONASS-M  navigation  messages.  The 
only  factor  still  capable  to  degrade  the  navigation  accuracy 
of  combined  GLONASS/GPS  receiver  is  the  divergence  between 
the  WGS  and  SGS  reference  frames,  which  is  not  yet  defined 
accurately  enough.  However,  having  in  mind  growing  tendency 
to  mutual  cooperation,  the  divergence  between  the  GLONASS 
and  GPS  coordinate  systems  can  be  determined  most  accurately 
and  reliably  by  means  of  mutual  efforts  of  the  Russian  and 
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US  specialists  and  other  interested  states. 

It  worth  noting,  that  discussing  technical  and 
institutional  problems  of  connection  of  differential 
networks  being  created  in  Russia,  Europe,  USA  and  other 
countries  into  common  network  could  become  a  real  step 
toward  creating  a  world“Wide  differential  and  integrity 
monitoring  network. 
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ABSTRACT 

In  this  paper  a  concept  and 
performances  of  the  Russian 
Differential  GNSS  (DGNSS)  marine 
radiobeacon  service  as  well  as  a 
description  of  a  Regional  Center  for 
monitor /differential  services  are 
presented. 

Use  of  both  GPS  and  GLONASS  has  been 
proposed  by  the  International  Maritime 
Organization  as  a  solution  for  future 
navigation  needs.  So,  there  is 
expediency  to  distribute  differential 
data  for  both  GPS  and  GLONASS  users 
because  of  the  tenfold  improvement  in 
accuracy  over  conventional  positioning 
in  areas  where  differential  data  are 
available. 

Such  a  possibility  will  be  realized  in 
the  Russian  radiobeacon  DGNSS  service. 
Thanks  to  functional  redundancy  as 
compared  to  the  widely  used  DGPS 
service,  the  marine  public  will 


benefit  by  having  a  larger  positioning 
opportunities.  In  some  cases,  such  as 
degradation  of  GPS  or  GLONASS  or 
specific  local  operational 
requirements,  the  generation  of 
corrections  for  one  GNSS  is  only 
possible. 

Each  correction  distribution  mode's 
specific  features  are  caused  by 
differences  in  main  operational 
performances.  Along  with  evaluation  of 
these  performances  for  different 
modes,  the  overview  of  DGNSS  service 
and  principles  of  differential  data 
distributions  are  presented.  Besides, 
some  noise  immunity  coding 
implementation  problems  are 
described. 

The  purpose  of  a  Regional  Center 
development  is  supporting  GLONASS, 
very  low-frequency  (VLF)  navigation 
system  ALPHA,  low-frequency  (LF) 
navigation  system  CHAYKA  and  State 
System  of  Common  Time  and  Reference 
Frequencies  by  monitoring  of 
navigation  /timing  fields  of  these 
systems  over  the  Russian  territory. 


INTRODUCTION 

Radiobeacon  DGNSS  Service 

Since  1990  the  Russian  Institute  of 
Radionavigation  and  Time  (RIRT)  has 
been  conducting  researches  in 
Differential  GNSS,  both  DGPS  and 
DGLONASS.  One  direction  of  these  works 
is  dealt  with  development  of  DGNSS 
Radiobeacon  Service. 

Presently,  the  radiobeacons  of  many 
countries  are  being  used  to  broadcast 
differential  corrections  for  GPS  users 
only,  while  Russian  DGNSS  Service 
being  under  development  will  produce 
both  DGLONASS  and  DGPS  corrections  in 
joint  DGNSS  mode  as  well  as  in 
separate  DGLONASS  only  or  DGPS  only 
ones.  The  Head  Department  of 
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Navigation  and  Oceanography  of  the 
Ministry  of  Defence,  a  leading 
Russia's  marine  navigation  agency,  has 
announced  plans  to  provide  a  DGNSS 
radiobeacon  service  to  cover  coastal 
areas  of  Russia  [1]. 

All  three  possible  modes  are 
supporting  all  positioning  functions 
with  varying  levels  of  functional 
performances.  The  choice  of 
operational  mode  depends  on  conditions 
of  every  GNSS  and  local  positioning 
requirements.  In  this  paper  emphasis 
will  be  made  on  DGLONASS  mode's 
specific  features,  joint  DGNSS  mode 
implementation,  features  of  service 
design,  comparison  of  some 
performances  of  different  modes. 

The  improvement  of  critical  DGNSS 
operational  performances  can  be 
connected  with  the  noise  immunity 
coding  implementation.  Some  coding 
issues  are  also  discussed. 

Regional  Center 

GLONASS,  VLF  navigation  system  ALPHA, 
LF  navigation  system  CHAYKA  and  State 
System  of  Common  Time  and  Reference 
Frequencies  are  main  means  for 
positioning/  timing  support  of  various 
users  within  the  Russian  territory. 
But  monitoring  of  navigation  and  time 
fields  generated  by  these  system  don't 
cover  all  over  the  country.  Besides, 
information  which  is  being  transmitted 
to  the  users  about  the  state  and 
quality  of  fields  is  not  operative  and 
effective. 

Specialists  of  RIRT  have  developed  a 
project  to  increase  positioning  and 
timing  support  of  above  systems  by 
using  Regional  Centers  of  navigation 
and  time  information.  These  centers 
should  be  additional  points  for 
monitoring  over  the  Russian  territory. 
They  can  as  well  provide  differential 
corrections  and  operative  broadcast 
about  the  state  of  navigation  and  time 
fields  to  users. 

The  views  expressed  herein  are  those 
of  the  authors  and  are  not  to  be 
construed  as  official. 


DGNSS  SERVICE  OVERVIEW 

The  following  main  principles  were 
taking  into  account  for  the  Russian 
DGNSS  Radiobeacon  Service  design 
process : 

Simultaneous  broadcast  both 
direction  finding  signals  and 
differential  corrections  for  GLONASS 
and/or  GPS  by  joint  DGNSS  or  DGLONASS 


alone  or  DGPS  alone  operational  modes. 
GNSS  integrity  check  and  DGNSS 
monitoring. 

-  Joint  correction  distribution  via 
united  data  link  met  to  the 
International  Telecommunication  Union 
Recommendations  ( ITU)  [ 7 ] . 

Agreement  of  DGPS  message 
generation  and  distribution,  including 
message  scheduling,  with  the  SC-104 
RTCM  Recommendations  [9]  and  USCG 
Broadcast  Standard  [2]  for  the 
compability  with  existing  variety  of 
DGPS  equipment.  Use  of  SC-104  RTCM 
general  message  format  for  DGLONASS 
data  distribution  for  the  DGNSS 
software  simplifying  and  a  single 
beacon  receiver  using  for  all  modes. 

Opportunity  of  positioning  of 
either  DGNSS  user  (i.e.  user  without 
transformation  abilities  for  frame  and 
time)  during  the  joint  DGNSS  mode. 
Retaining  of  positioning  performances 
of  either  DGNSS  and  message  frame 
synchronization  performances  of  DGPS 
during  the  joint  DGNSS  mode. 

Opportunity  of  baud  *  rate  and 
message  schedule  variations  depending 
on  operational  mode. 

-  Opportunity  of  noise  immunity 
coding  implementation. 

-  Separate  notifications  on  healths 
and  conditions  of  DGLONASS  and  DGPS. 

-  Broadcast  of  Special  Messages  on 
both  Russian  and  English  with  use  of 
extended  ASCII  codes. 

The  necessity  of  implementation  of 
these  principles  is  dictated  by  an 
appearance  of  integrated  GNSS 
equipment  as  well  as  by  wide  using  of 
equipment  of  a  single  GNSS.  Then,  the 
SC-104  RTCM  Recommendations  and  ITU 
maritime  radiobeacon  data  link 
parameters  have  already  been  accepted 
by  many  National  Services  of 
Navigation  and  introduced  into  serial 
equipment  by  many  manufacturers;  the 
SC-104  RTCM  has  prospect  to  fix  the 
DGLONASS  messages  also  [9]. 

The  possibility  of  above  concept 
fulfilling  is  based  on  similarity  of 
both  GNSS  performances  and  DGNSS 
differential  data,  such  as  pseudorange 
and  pseudorange  rate  ranges, 
signal/noise  ratios  (SNR),  number  of 
satellites,  etc.  Since  GLONASS  is  non- 
selective  availability  (SA)  -  degraded 
and  there  is  no  plan  to  introduce  such 
a  degradation  deliberately,  the 
DGLONASS  error  growth  due  to 


1014 


correction  latency  is  less  than  that 
of  DGPS/  as  shown  in  Figure  1. 

Therefore,  the  DGLONASS  correction 
update  interval  about  90s  is  quite 
acceptable,  while  the  DGPS  update 
interval  will  not  exceed  15s.  The  last 
fact,  along  with  limitation  of  a 
number  of  DGPS  messages  (see  (2];  one 
high  update  rate  message  only),  allows 
to  introduce  infrequent  DGLONASS 
messages  into  a  stream  of  DGPS 
messages  without  accuracy  degradation., 
as  shown  in  earlier  paper  [3). 


FIGURE  1.  DIFFERENTIAL  ERROR  GROWTH 


Details  of  DGLONASS  messages  and 
specific  features  of  DGLONASS  and 
DGNSS  correction  distributions  was 
described  in  [3).  The  list  of 
messages  is  presented  in  Table  1. 

Briefly,  the  main  specific  features  of 
DGLONASS  messages  are  dealt  with 
following  GLONASS  specific  parameters: 

-  Datum,  Age  of  Navigation  Data  and 
Satellite  Identities, that  taken 
account  of  Correction,  Constellation 
Health  and  Reference  Station  Parameter 
Messages; 

-  Time  reflected  in  Headers  of  all 
Messages; 

Satellite  health  indications 
reflected  in  Constellation  Health 
Message. 

The  purposes  of  other  DGLONASS 
messages  are: 

-  notice  about  beacon  type  (Type  33 
Message) ; 

notice  about  GLONASS /DGLONASS 


healths  and  conditions  (Headers  of  all 
DGLONASS  messages); 

-  Special  Message  broadcasts  in 
Russian  and/or  English  for  navigation 
safety  and/or  on  GLONASS /DGLONASS 
state  (Type  36  Message). 

Table  1.  Messages  of  Russian  Maritime 
DGNSS  Service 


Title 

Message 

Type  N 

GPS 

GLONASS 

Differential 

GNSS  Corrections 

1 

31 

Reference  Sta¬ 
tion  Parameters 

3 

32 

Constellation 

Health 

5 

33 

Null  Frame 

6 

34# 

Beacon  Almanac 

7 

35 

Partial  Satelli¬ 
te  Set  Differen¬ 
tial  GNSS 
Corrections 

9 

34 

Special  Message 

16 

36 

#  number  of  words  after  the  Header  is 
0  or  1. 

There  is  currently  a  draft  describing 
the  Russian  DGNSS  Radiobeacon  Service 
entitled  "Broadcast  Standard  For 
Russian  DGPS/DGLONASS  Lighthouse 
Service”  that  defines  the  key 
radiobeacon  broadcast  characteristics 
[1].  The  use  of  Service  corrections 
will  give  a  possibility  to  determine 
the. coordinates  with  accuracy  better 
than  10  meters.  The  service  also 
provides  accuracy  check  and  user 
warning  whithin  less  than  10  s.  The 
planned  availability  is  99.8%  for  a  30 
day  period  and  reliability  is  99.97% 
for  1  year  measurement  interval. The 
transmission  rates  are  100  bps  for 
DGNSS  and  DGPS  modes  and  25  or  50  bps 
for  DGLONASS  mode.  The  "Type  9-3"  and 
"Type  34-1"  methods  will  be  used  for 
correction  distributions  during  DGNSS 
mode.  The  broadcast  of  Type  1  and  Type 
31  messages  is  reserved. 

The  planned  architecture  of  DGNSS 
Service  as  a  whole  is  similar  to  that 
of  DGPS  [2].  It  will  comprise  a  set  of 
Reference  Stations  (RS)  with 
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associated  Integrity  Monitors  (IM)  and 
the  Control  Station.  Currently,  only 
the  experimental  RS  and  IM  are 
manufacturing  and  all  control  and 
monitor  functions  are  incorporated  in 
the  united  software  executing  with 
the  RS  computer.  The  service 
architecture  specific  feature  is  the 
co-location  of  the  IM  at  the  RS  site. 
This  approach  ensures  a  similarity  of 
satellite's  multipaths  for  RS  and  IM 
antennas  as  well  as  avoids  the  IM 
function  being  dependent  on  a 
communication  link,  which  improves  the 
Service  availability.  At  the  same 
time,  the  possibility  of  off-site 
monitor  and  display  exists. 

The  RS  monitoring  is  realized  by  two 
ways.  Firstly,  the  IM  receives  RS  and 
GNSS  data  and  verifies  that  they  are 
within  a  tolerance.  The  second  check 
level  is  intended  for  separation  of  RS 
receiver  and  transmitter  faults  for 
the  benefit  of  fast  fault  detection 
and  reducing  of  outages.  This  task  is 
solved  in  RS  modulator  by  decoding  of 
data  arrived  by  a  feedback  from 
transmitter. 

Due  to  a  low  DGLONASS  baud  rate  and  a 
Partial  Satellite  Set  Correction 
distributions  the  RS  utilizes  a  highly 
stable  frequency  source. 


differential  mode  cancels  the  GPS  S/A 
errors.  Hence,  the  accuracies  of  DGPS 
and  DGLONASS  modes  are  approximately 
equal,  but  DGNSS  mode  provides  better 
accuracy  due  to  the  lower  Dilution  of 
Precision  (DOP) .  As  shown  in  [8],  the 
joint  GNSS  constellation  provides 
Position  DOP  (PDOP)  of  1.9  and 
Horizontal  DOP  (HDOP)  of  0.99 
(P>0.95),  while,  for  example,  GPS 
provides  PDOP=4.5  and  HDOP=2  (P>0.95). 
The  significant  sacrifice  of  accuracy 
for  marine  users  can  occur  during  the 
storms,  when  the  desperate  extremity 
of  positioning  is  exist.  Moreover,  a 
very  large  heels  can  evoke  an 
disability  of  positioning  by  one  GNSS 
use  or  receiver  autonomous  integrity 
monitoring  disability.  Such 
positioning  losses  are  caused  by 
opportunity  of  occasional  satellite's 
signal  losses  and, hence,  a  DOP 
variances.  A  heel  exerts  influence  on 
a  little  ships  mainly.  The  predicted 
accuracy  aggravation  factor  due  to  up 
to  20  degrees  heel  and  satellite  mask 
angle  of  10  degrees  for  joint  DGNSS 
will  not  exceed  of  1.5  -  1.6.  The  use 
of  signals  of  one  GNSS  only  evokes  up 
to  5  -  7  times  accuracy  degradation. 
These  results  are  based  on  simulations 
of  GNSS  constellations  for  casual 
points  of  Earth  and  casual  times  [6]. 

Coverage 


DGNSS  PERFORMANCE  EVALUATION 

Each  DGNSS  mode  has  unique 
performances  dealt  with  the  number  of 
available  GNSS,  correction 
transmission  rate  and,  somewhat, 
quantity  of  equipment  required  for  the 
correction  producing.  All  above  causes 
affect  a  service  availability;  the 
first  factor  is  influencing  on 
accuracy  and  reliability  also;  the 
second  one  is  influencing  on  coverage 
and  time  to  alarm;  the  third  cause  in 
the  some  cases  changes  reliability 
performances. 

A  software  tools  were  developed  and 
utilized  to  compute  all  following 
estimations.  Simulation  results  dealt 
with  environmental  signal  effects 
presented  herein  were  calculated  for 
signal  propagation  over  sea  at  the 
Baltic  Sea  East  and  the  atmospheric 
level  which  is  exceeded  0.1%  of  the 
time  annually.  The  data  of  [4]  and 
[11]  was  used  . 


A  simulation  was  designed  to  determine 
the  coverages  associated  with  baud 
rate,  bit  error  rate  and  radiated 
power . 


FIGURE  2.  COVERAGE  VIA  RADIATED  POWER 


Accuracy 

The  standard  GLONASS  positioning  has 
an  accuracy  advantage  over  the 
standard  GPS  positioning  because  of 
S/A  error  lack,  however  the 


A  low  DGLONASS  mode's  update  rate 
evokes  the  increase  of  SNR  and, hence, 
the  DGLONASS  coverage  is  greater  than 
that  of  DGNSS  or  DGPS.  The  DGLONASS 
coverage  gain  depends  on  radiated 
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power  and  can  achieve  dozens  of 
kilometers;  it  is  illustrated  by 
Figure  2  for  bit  error  rate 
requierment  of  10‘^  (see  [7]),  above 
locality  and  noise  parameters. 

The  beacon  percentage  coverage  growth 
due  to  the  twofold  baud  rate  reduction 
can  be  approximately  evaluated  as 
300Eg"^,  where  is  a  signal  strength 
for  required  bit  error  rate  in  dBuV/m. 

Availability  and  Integrity 

A  low  DGLONASS  correction  update  rate 
gives  some  preferences  in  availability 
and  integrity  fields  also,  as  compared 
to  DGNSS  and  DGPS  modes.  We  follow 
some  approaches  to  our  estimations  of 
these  performances. 

Assuming  that  outages  of  a  DGNSS 
Service  equipment  are  "constant**  for 
all  modes  and  corrections  are 
broadcasting  continuously,  we  supposed 
that  positioning  availability  is  in 
proportion  to  the  ratio  of  received 
and  broadcasted  messages  for  the  all 
visible  satellites  on  condition  that 
local  atmospheric  noise  level  whithin 
a  required  period  is  unexceeded. 
Taking  into  account  the  mode's 
specific  features  described  above,  a 
simulation  was  performed  to  determine 
how  often  all  the  corrections  for  all 
visible  satellites  would  be 
successfully  received. 

The  simulation  results  for  nine 
satellites  and  radiated  power  of 
1  Watt  are  shown  in  Figure  3. 
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FIGURE  3.  ALARM  MESSAGE  AVAILABILITY 


The  coverages  of  annual  availability 
of  0.997,  which  requires  about  of 
1*10‘^  -  2'10’^  bit  error  rates  for 

different  modes,  are  about  of  145  km 


for  both  DGNSS  and  DGPS  mode,  190  km 
for  50  bps  DGLONASS  mode  and  250  km 
for  25  bps  one. 

At  the  distances  less  than  100  km  the 
correction  signal  availabilities  are 
approximately  identical  for  all  the 
modes,  and  positioning  availability  of 
DGNSS  mode  will  be  1.02  times  that  of 
other  modes. 

Since  the  DGNSS  service  not  only 
enhances  the  positioning  accuracy  but 
also  provides  a  real  time  integrity 
check,  it  can  augment  user's  integrity 
capabilities  in  areas  where 
radiobeacon  data  are  available.  The 
augmentation  factor  depends  on 
probability  of  integrity  message 
reception  for  time  to  alarm.  For  this 
time  in  the  fault  cases  the  alarm 
messages  have  a  broadcast  preference 
though  the  allowable  correction  update 
rate  for  health  satellites  have  to  be 
kept.  Moreover,  the  distribution  of 
alarm  messages  must  begin  without 
fail  after  completing  of  a  running 
message  to  support  the  frame 
synchronization. 

In  the  DGNSS  mode  the  unhealthy 
conditions  include  as  full  GNSS 
malfunction  as  that  of  some  satellite. 
It  is  planned  to  indicate  the  first 
condition  by  the  Null  Frame  message's 
Station  Health  field  and  the  second 
condition  by  the  pseudorange  alarm 
values  of  Correction  Message  field 
(see  [ 1 ) ) . 

In  the  DGLONASS  mode  the  full  GLONASS 
unhealthy  conditions  will  be  indicated 
the  same  as  in  DGNSS  mode.  The 
unfitness  GLONASS  satellite  can  be 
indicated  by  both  pseudorange  alarm  in 
Correction  Message  and  by 
Constellation  Health  Message.  The  last 
method  shortens  the  duration  of  alarm 
notice  due  to  the  shorter  message 
length  wich  is  importantly  during  the 
low  data  rate  of  DGLONASS  mode.  It 
will  be  noted  that  about  of  15  bps 
data  rate  that  usable  for  accuracy 
features  can't  augments  integrity 
capabilities  for  unfitness  satellite 
within  time  to  alarm  of  10s. 

Table  2  presents  the  predicted 
coverages  of  annual  0.99999 
probability  of  alarm  information 
receiving  within  10s  for  1  Watt 
radiated  power  and  above  alarm 
mechanisms.  These  results  are 
calculated  on  the  assumption  that 
there  is  only  one  satellite 
malfunction  within  time  to  alarm  and 
the  correction  latency  positioning 
error  growth  due  to  the  additional 
alarm  message  broadcasts  is  less  than 
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0.1m. 

The  bit  error  rate  required  for  above 
probability  achieves  5*10‘°  for  the  25 
bps  DGLONASS  mode.  For  the  other  modes 
such  requirements  are  weaker. 


Table  2.  Coverage  of  alarm  information 
receiving 


Malfunction 

kind 

Number  of 
alarm 
messages 

Coverage , 
km 

DGNSS  mode 

Both  GNSS 

6 

220 

GPS  only 

14 

250 

GLONASS  only 

5 

210 

GPS  or 

GLONASS 

satellite 

5 

200 

DGLONASS 

mode 

GLONASS, 

50  bps 

25  bps 

8 

4 

300 

330 

GLONASS 

satellite 

50  bps 

25  bps 

3/4# 

1/1# 

I 

1  240/260 
230/230 

#  notice  by  Type  34-1/33  Messages. 


Reliability 

The  service  reliability  evaluation  was 
based  on  considerations  that,  firstly, 
the  unforecast  DGNSS  service  outage 
can  arise  due  to  failure  of  both 
reference  station  equipment  and  GNSS 
and,  secondly,  performing  of  specified 
DGNSS  function  can  be  fulfilled  by  use 
of  one  GNSS  only.  The  DGNSS 
interconnection  model  developed  for 
each  mode  was  used  to  establish  the 
mode's  relative  reliability  scores. 
Assuming  that  GNSS  failures  are 
equally  likely  to  occur  at  either  GNSS 
and  taking  into  account  the  current 
architecture  of  Russian  DGNSS 
Reference  Station  (it  is  very 
essential  circumstance)  we  reckon  that 
total  DGNSS  service  reliability  is 
1.36  times  than  DGPS  and  1.66  times 
than  DGLONASS  ones. 


CODING  OF  DGNSS  DATA 

It  is  known  that  a  practicable 
radiobeacon  coverage  is  usually  less 
than  coverage  where  the  very 
corrections  are  valid,  due  to  the 
atmospheric  noises.  That  is  why  the 
attractivity  of  error  correction 
coding  is  exist. 

Coding  provides  greater  noise  immunity 
gain  over  uncoded  operations 
especially  on  condition  of  a  little 
error  rates.  Besides,  the  error  rate 
gain  of  DGLONASS  mode  during  the 
coding  operation  is  greater  than  that 
of  other  modes  (with  identical  coding 
schemes  for  all  modes).  It  is 
illustrated  by  Figure  4  for  the  Reed- 
Solomon  (31,15)  code  recommended  for 
radiobeacon  data  link  in  [5]. 


SIGNAL  TO  NOISE  RATIO ,  dB 

FIGURE  4.  UPPER  BOUND  OF  BIT 
ERROR  RATE 

But  coding  incorporating  has  two 
restrictions:  limitation  of 
radiobeacon  data  link  bandwidth  and 
lack  of  international  recommendations 
on  the  coding  schemes. 

The  first  restriction  during  the  100 
bps  DGPS  and  DGNSS  modes  prevents  from 
the  use  of  higher  than  1/2-rate  codes. 
Thus,  there  is  impossibility  of 
qualitative  positioning  performance 
improvements  by  coding.  For  the 
DGLONASS  mode  a  more  powerful,  up  to 
1/8-rate  codes  are  permitted  owing  to 
the  greater  allowable  correction 
latency.  This  mode  has  lesser 
sensitivity  to  the  additional  time  for 
the  coding  and  decoding  also. 

However  even  1/2 -rate  code  can  improve 
practically  all  service  performances 
anyhow.  Thus,  according  to 
simulations,  a  (31,15)  Reed-Solomon 
coding  for  radiated  power  of  1  Watt, 
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bit  error  rate  of  10’^  and  100  bps  data 
rate,  provides  of  17%  coverage  growth 
over  uncoded  operation.  Such  coding 
provides  20%  -  60%  growth  of  the 
coverage  of  0.99999  alarm  reception 
probability  (this  value  depends  on 
error  rate  requirements  for  different 
malfunction  kinds)  also,  etc. 

The  second  coding  implementation 
restriction  is  more  significant.  The 
worldwide  service  compatibility 
requires  international  agreement  on 
type  of  code.  Moreover,  the  DGPS 
receivers  without  coding  capabilities 
has  currently  manufactured  in 
quantity.  So  there  are  essential 
problems  in  DGPS  and,  consequently,  in 
DGNSS  code  implementations.  But  in  the 
DGLONASS  mode  the  coding  may  be  used 
with  lesser  problems  due  to  the 
current  lack  of  DGLONASS  equipment. 
The  coding  schemes  of  25  bps  and  50 
bps  DGLONASS  modes  and  possibilities 
of  coding  implementations  are 
scrutinizing  now.  The  coding  solution 
may  be  location  dependent. 


REGIONAL  CENTER  FOR  MONITOR  AND 
DIFFERENTIAL  SERVICES 

The  main  purpose  of  Regional  Center 
development  is  supporting  GLONASS, 
ALPHA  and  CHAYKA  navigation  systems  as 
well  as  State  System  of  Common  Time 
and  Reference  Frequencies  by 
monitoring  of  navigation  and  timing 
fields  of  these  systems  over  the 
specified  regions.  The  GPS,  LORAN-C 
and  OMEGA  can  be  supported  also. 

The  Regional  Center  is  intended  for 
improving  system's  efficiencies  by 

-  monitoring  navigation  and  time  data 
distributed  by  GNSS,  VLF  and  LF 
navigation  and  time  services; 

-  integrity  monitoring  GNSS,  VLF  and 
LF  navigation  systems; 

-  time  signal  transfers; 

correction  distributions  for 
navigation/synchronization 
augmentations ; 

international  cooperation  to 
provide  joint  use  possibility  of 
Russia's  and  US  navigation  systems. 

The  functional  elements  of  the 
Regional  Center  include: 

Time /Frequency  Reference  Standard. 
Provides  monitoring  time  signals 
distributed  by  GNSS  as  well  as  VLF/LF 
Time  Services  and  TV-channels  based  on 
comparision  and  joint  processing  of 
timing  data  of  above  sources.  Also, 
the  differential  synchronization 
corrections  are  calculated  here  on  the 


basis  of  simultaneous  measurements  of 
VLF/LF  stations'  and  TV-channels' 
signals,  on  one  side,  and  GNSS  signals 
on  the  other  side.  This  element  as 
well  provides  timing  data  transmitting 
for  synchronization  of  regional  users. 

GNSS,  VLF  and  LF  navigation  system 
Monitor  Units.  The  systems '  health 
determination,  performance  data 
archiving  and  processing  are 
accomplished  here.  The  calculated 
positions  would  be  compared  to  the 
precisely  known  Regional  Center 
position  to  determine  if  the  systems' 
operational  performances  were  within 
tolerances. 

Reference  Stations  of  GNSS, VLF  and  LF 
navigation  systems.  This  element 
includes  equipment  to  calculate  local 
differential  corrections  for  above 
systems. 

Communication  Network.  Provides  links 
between  Regional  Center  and  Control 
Centers  of  GLONASS,  ALPHA  and  CHAYKA 
as  well  as  the  State  System  of  Common 
Time  and  Reference  Frequencies. 

Inteqritv/Correction  Data  Links. 
Communication  terminals  providing 
integrity  and/or  correction  messages 
distribution  for  the  regional  users. 

The  equipment  for  this  project 
implementation  as  well  as  formats  and 
contents  of  information  messages  are 
discussed  now.  The  messages  dealt  with 
GNSS  will  take  into  account  the  ARINC 
743A,  SC-159  RTCA  and  SC-104  RTCM 
recommendations . 


SUMMARY 

This  paper  has  reviewed  the 
architecture  and  performance 
evaluations  of  the  Russian  DGNSS 
radiobeacon  service.  The  signals 
distributed  by  the  DGNSS  service  can 
be  utilized  by  the  users  of  one  GNSS 
without  sacrificing  of  its  own 
positioning  characteristics.  The  joint 
correction  broadcast  improves 
positioning  accuracy,  especially  in  a 
heavy  sea's  time,  and  reliability  as 
well  as  positioning  availability  at  a 
relatively  short  distances,  as 
compared  to  other  modes.  The  DGLONASS 
mode,  thanks  to  a  lower  correction 
update,  rate  has  a  maximum  coverage, 
integrity  availability  as  well  as 
positioning  availability  at  long 
ranges.  Due  to  the  operational 
flexibility  the  DGNSS  Service  can 
operatively  support  different 
requirements  to  meet  needs  of 
different  localities  and  conditions. 
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The  full  deployment  of  DGNSS  Service 
requires  the  development  of  special 
Standard  for  RS,  IM,  Control  Station 
and  data  interfaces  and  protocols.  The 
Standard  must  take  account  of  as 
DGLONASS  as  joint  DGNSS  modes' 
specific  features  and,  also,  RTCM 
Recommendations  for  DGPS  Service  [10]. 
This  work  is  underway  in  RIRT. 

Besides,  the  paper  has  described  the 
main  functions  of  Regional  Center  of 
navigation  and  time  information  as 
well  as  its  operational  principles.  In 
some  cases  the  regional  centers  can 
additionally  provide  differential 
modes  of  navigation  and  time 
synchronization . 
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Abstract 

There  are  two  Global  Navigation  Satellite  Systems 
(GNSS)  available  for  world-wide  civil  use.  The  two 
systems  are  Navstar  GPS  which  reached  full 
operational  capability  (FOC)  early  in  1995  and 
GLONASS  which  is  just  one  successful  launch 
away  from  FOC.  In  the  near  future,  augmentation 
of  these  two  systems  will  be  provided  initially  by 
geostationary  satellites  such  as  Inmarsat-3. 
Particularly  in  view  of  the  interest  in  joint 
GPS/GLONASS  initiatives,  the  progress  of 
GLONASS  towards  a  full  operational  complement 
deserves  constant  attention.  Observations  on  the 
GLONASS  signal  structure  and  satellite  space 
segment  provided  useful  insights  into  the  question 
of  GPS/GLONASS  interoperability. 

Brief  review  of  GLONASS  launch  history 

GLONASS  launches  take  place  from  Tyuratam 
(Baikonur  Cosmodrome)  in  the  CIS  republic  of 
Kazakhstan.  The  satellites  are  launched  three  at  a 
time  into  inclined  orbits  with  period  1 1 .25  hrs.  The 
full  complement  of  satellites  will  occupy  three 
orbital  planes  120°  apart  with  8  equally-spaced 
satellites  in  each  plane.  By  September  1995,  there 
had  been  a  total  of  26  launches  since  the  very  first 
in  1982.  In  the  early  stages  of  the  programme,  only 
one  or  two  of  the  satellites  launched  were  active 
satellites,  the  others  acting  as  make-weights.  In 
1986  the  first  launch  took  place  with  all  three 
satellites  forming  part  of  the  GLONASS  navigation 
programme.  Prior  to  August  1994,  all  satellites 
were  launched  into  either  plane  1  or  plane  3.  Since 


that  date  there  have  been  2  launches  into  plane  2. 

As  individual  satellites  were  lost  they  were 
gradually  replaced  over  the  years  since  1982  with 
a  very  slow  &  gradual  increase  in  the  total  number 
of  satellites  available  for  general  use.  The  overall 
gain-loss  situation  is  summarised  in  Figures  1-4 
which  cover  3  year  intervals  since  1986  -  details 
prior  to  1986  are  not  available  to  the  author. 
Launches  are  indicated  by  upward-pointing  arrows; 
launch  sequence  numbers  are  given  together  with 
GLONASS  numbers  devised  at  the  University  of 
Leeds.  As  is  apparent  from  Figure  4,  there  are 
currently  22  active  GLONASS  satellites  and  after 
one  furtoer  launch  FOC  can  be  anticipated. 

Almanacs  for  all  valid  satellites  are  transmitted  in 
sequence  in  the  data  message  according  to  the 
rubric;-  plane  1  (almanacs  numbers  1-8),  plane  2 
(almanac  numbers  9-16)  and  plane  3  (almanac 
numbers  17-24).  In  what  follows  active  satellites 
are  referred  to  by  both  GLONASS  and  channel 
numbers. 

Plane  1 

Channel  23  05  21  12  23  13  21  02 

Almanac  01  02  03  04  05  06  07  08 

GLONASS  55  60  68  70  49  69  61  54 

Plane  2 

Channel  /  09  04  22  /  09  04  22 

Almanac  09  10  11  12  13  14  15  16 

GLONASS  /  75  76  65  /  67  74  66 

Plane  3 

Channel  24  10*  03  01  24  10  03  01 

Almanac  17  18  19  20  21  22  23  24 

GLONASS  62  64  72  73  57  71  63  56 

*  satellite  due  to  return  to  service  13  Sept  1995. 

Table  1 

At  the  start  of  September  1995,  there  were  22 
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GLONASS  Space  Vehicles  (SV’s)  in  orbit,  8  SV’s 
in  plane  1,  6  in  plane  2  and  8  in  plane  3.  Satellites 
are  listed  by  plane  in  order  of  almanac  number  in 
Table  1. 

As  is  clear  from  the  Table,  both  planes  1  and  3  are 
complete  and  one  further  triple  launch  into  plane  2 
would  leave  that  plane  complete  and  with  an  in- 
orbit  spare.  For  reference  purposes  a  list  of  the 
current  satellites  with  satellite  international 
identifiers.  Cosmos  &  GLONASS  numbers, 
transmit  channels,  almanac  slots  and  planes  is 
presented  in  Figure  5.  It  should  be  noted  that  the 
oldest  of  the  current  satellites  which  is  in  plane  1  at 
almanac  slot  5  is  due  to  complete  5  years  of  service 
in  December  1995. 

Amongst  user  communities  of  GNSS,  in  particular 
civil  aviation,  there  is  a  requirement  for  continuous 
availability  and  integrity  of  navigation  satellites  for 
precise  approach  and  landing  procedures.  In  order 
to  meet  these  requirements  it  is  necessary  to  have 
a  sufficient  number  of  satellites  to  allow  on-board 
integrity  checking  (RAIM)  on  a  continuous  basis. 
The  availability  of  (i)  GPS  and  (ii)  GPS  + 
GLONASS  at  a  typical  European  location  is  shown 
in  Figure  6,  from  which  the  advantage  of  combined 
use  of  GPS/GLONASS  is  immediately  apparent. 

Further  launches  planned  during  1995 

It  is  understood  that  there  is  to  be  one  further 
GLONASS  triple  launch  in  1995.  It  seems  probable 
that  this  launch  will  take  place  into  plane  2  as  both 
planes  1  and  3  are  complete  already.  Should  this 
launch  be  successful  and  should  there  be  no  further 
satellite  failures,  the  GLONASS  space  segment  will 
then  consist  of  25  active  satellites. 

GLONASS-M 

A  new  improved  GLONASS  satellite  has  been 
under  development  in  the  CIS  for  some  time  - 
GLONASS-M  -  which  promises  a  number  of  new 
attractive  features.  The  new  satellites  are  designed 
to  have  an  active  lifetime  of  5  years,  improved  on¬ 
board  atomic  clocks  and  the  facility  for  transmitting 
a  C/A  code  on  both  LI  and  L2  frequencies  -  see 
next  section.  Use  of  a  C/A  code  on  two  frequencies 
allows  a  precise  estimate  of  the  ionospheric  ray 
bending  effect  with  obvious  implications  for 
improved  accuracy. 

Testing  of  GLONASS-M  has  been  conducted  all 
during  1995  with  the  first  launch  planned  in  the 
first  quarter  of  1996.  This  launch  will  carry  2 
GLONASS  satellites  and  1  GLONASS-M  although 
the  Proton  launcher  is  capable  of  launching  3 


GLONASS-M  SVs  simultaneously. 

GLONASS  frequency  plan 

The  GLONASS  transmission  plan  calls  for  a 
scheme  of  Frequency  Division  Multiple  Access 
(FDMA),  each  satellite  sending  the  same  code  but 
a  different  carrier  frequency.  Two  carriers  are 
transmitted  in  L-band,  one  around  1.6  GHz  (LI) 
and  the  other  around  1.2  GHz  (L2).  Satellites  are 
distinguished  by  channel  number  with  channel  0 
(used  for  test  purposes  only)  at  centre  frequency 
(LI)  1602  MHz  and  the  24-satellite  system  using 
channels  1-24  with  channel  24  at  1615.5  MHz 
(spacing  0.5625  MHz).  Transmit  frequencies  and 
channel  spacings  at  L2  are  in  the  ratio  of  7/9  as 
compared  with  LI  frequencies.  Satellites  transmit 
both  a  low-precision  (C/A)  and  a  high-precision  (P) 
code  at  LI  and  a  high-precision  (P)  code  only  at 
L2.  Since  the  high-precision  code  operates  at  5.11 
Mbits/s  and  uses  a  bandwidth  of  approximately  10 
MHz,  the  signal  spectrum  occupied  by  GLONASS 
is  defined  at  the  upper  limit  by  the  highest  transmit 
frequency  plus  5  MHz  and  at  the  lower  limit  by  the 
lowest  transmit  frequency  minus  the  5  MHz.  The 
resulting  spectrum  requirement  spans  the  range 
1597-1620.5  MHz,  a  total  bandwidth  of  23.5  MHz, 
actually  larger  than  the  bandwidth  requirements  of 
GPS  (20  MHz)  in  spite  of  the  fact  that  GPS 
operates  at  twice  the  chipping  rate  of  GLONASS. 

Interference  and  WARC’92  allocations 

During  the  ITU  (World  Administrative  Radio 
Conference)  WARC’92  meeting  held  during  March 
in  Torremolinos,  two  frequency  allocations  were 
made  in  L-band  which  had  important  ramifications 
for  GLONASS.  The  first  allocation  was  of  the  band 
1610  -  1626.5  MHz  (bandwidth  16.5  MHz)  to  Low 
Earth  Orbiting  (LEO)  satellites  on  a  world-wide 
primary  basis.  Satellites  of  this  type  (such  as  the 
Iridium  and  Globalstar  system)  are  plaimed  to 
provide  voice  communication  services  globally. 
Although  these  LEO  satellites  are  constrained  in 
terms  of  the  interference  permitted  to  other 
systems,  there  is  clearly  a  potential  problem  related 
to  interference  caused  to  GLONASS  at  the  upper 
part  of  the  LI  band  as  a  result  of  the  new 
allocation. 

The  second  allocation  which  impacted  GLONASS 
operations  was  that  of  the  band  1610.6  -  1613.8 
MHz  which  corresponds  roughly  to  GLONASS 
channels  15-21,  allocated  to  radio-astronomy  again 
on  a  primary  basis.  Whereas  the  first  allocation  had 
the  potential  to  cause  interference  to  GLONASS 
reception,  the  second  allocation  impacted  both 
GLONASS  transmit  levels  and  operating  frequency 
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band  in  that  GLONASS  was  now  constrained  not  to 
cause  interference  to  radio-astronomy. 

In  addition  to  the  difficulties  raised  by  the  new 
allocations,  there  is  an  additional  problem  to  be 
considered  involving  the  use  of  GLONASS  on 
aircraft  as  is  recommended  in  the  ICAO  Future  Air 
Navigation  Systems  (FANS)  plans  for  Global 
Navigation  Satellite  Systems  (GNSS).  Because 
aircraft  already  use  a  satellite-earth  link  via  a 
geostationary  link  which  operates  at  (relatively) 
high  power  and  in  the  frequency  range  1646.5- 
1656.5  MHz,  potential  interference  from  the 
aircraft  satellite  communication  links  makes  the 
design  of  the  airborne  GLONASS  receiver  much 
more  difficult  than  would  be  the  case  if  the  upper 
range  of  the  GLONASS  band  were  reduced. 

Since  the  WARC’92  agreements,  changes  have 
been  made  to  the  GLONASS  signal  structure  to 
respond  to  the  problem  of  interference  to  radio- 
astronomy.  Already  in  October  1991  an 
undertaking  had  been  given  by  the  GLONASS 
administration  to  the  lUCAF  (Inter-Union 
Commission  on  Frequency  Allocations  for  Radio 
Astronomy  and  Space  Science,  set  up  in  1960  by 
URSI,  lAU  and  COSPAR),  to  reduce  emissions 
from  GLONASS  satellites  in  the  neighbouring 
radio-astronomy  band  of  1660  -  1670  MHz  by 
using  improved  output  filtering  techniques  on  all 
GLONASS  satellites  launched  from  1994  onwards. 

In  late  1992,  a  series  of  tests  was  conducted  [1]  in 
conjunction  with  the  Large  Telescope  facility  at 
Jodrell  Bank,  UK  to  estimate  the  effect  of  altering 
chaimel  allocations  on  GLONASS  satellites.  Tests 
were  conducted  in  four  phases  :- 

(a)  normal  GLONASS  operation 

(b)  no  use  of  channels  15-21 

(c)  only  channels  1-12  and 

(d)  only  channels  1-6 

Following  these  tests  a  Russian  proposal  was  made 
to  re-use  frequencies  within  the  GLONASS  band 
and  also  to  lower  the  effective  range  of  frequencies 
employed. 

Frequency  re-use  &  re-location. 

Frequency  re-use  involves  allocating  to  antipodal 
satellites  in  the  GLONASS  system  the  same 
transmit  frequency.  In  this  way  satellites  on 
opposite  sides  of  the  earth  do  not  interfere  with 
each  other,  allowing  the  entire  space  segment  to  be 


implemented  with  only  12  channels.  One  exception 
to  this  rule  would  be  high-flying  receivers  on-board 
satellites  attempting  to  use  GLONASS  for 
navigation  purposes.  However  even  in  cases  such 
as  these,  modem  receiver  techniques  are 
sophisticated  enough  to  distinguish  between  the  two 
mutually -interfering  signals.  The  removal  of  the 
top  12  channels  of  GLONASS  would  reduce  the 
required  bandwidth  by  6.75  MHz,  saving  spectrum 
where  it  is  most  needed  -  at  the  top  of  the  band. 

The  phasing-in  of  this  new  strategy  is  already 
nearly  complete.  During  September  1993,  the  first 
pairs  of  antipodal  satellites  were  allocated  channels 
23  and  24.  Since  then  the  re-use  of  frequency  has 
increased  to  the  point  in  September  1995  where  9 
pairs  of  the  22  available  satellites  employ  a 
common  transmit  frequency  with  no  use  of  any 
channel  in  the  range  15-20. 

In  the  longer  term,  it  is  intended  to  lower  the  entire 
frequency  range  employed  by  GLONASS  satellites. 
The  timescale  of  the  proposed  plan  is  summarised 
in  Table  2. 

GLONASS  frequency  &  RF  interference  issues 

•  1994  1998 

-  channels  0  to  12,  22,  23  &  24  with  no 
carriers  in  the  1610.6  -  1613.8  MHz  band 
(channels  15  -  21).  Channels  13,  14  &  21 
under  exceptional  circumstances,  only. 

•  1998  2005 

-  channels  0  to  12  with  13  to  be  used  only 
in  extreme  circumstances 

Use  filters  to  protect  Radio  Astronomy 
(RA)  band  from  1660  to  1670  MHz. 

•  2005  ^ 

-  channels  -7  to  4  for  navigation  and  5  & 
6  as  technical  frequencies 

Use  filters  to  protect  RA  in  both  1660- 
1670  and  1610.6-1613.8  MHz  bands. 

Table  2 

The  "half-way"  solution  to  be  implemented  by  the 
year  2005  improves  the  resistance  of  GLONASS  to 
external  interference  and  also  helps  to  resolve  the 
problems  faced  by  radio-astronomy.  The  "new" 
spectrum  would  then  extend  from  1594  -  1610.5 
MHz  (bandwidth  16.5  MHz). 

Another  solution  to  the  problems  of  interference 
caused  to/by  GLONASS  would  be  for  GLONASS 
to  use  a  single  transmit  frequency,  as  close  as 
possible  to  the  GPS  frequency,  possibly  even  the 
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GPS  frequency  itself,  and  code  division  multiple 
access  (CDMA)  as  GPS  does.  In  this  way  GPS  and 
GLONASS  compatibility  would  be  vastly  improved 
and  some  interference  problems  minimised. 

GPS/GLONASS  signal  architecture 


Ever  since  the  start  of  the  GPS  &  GLONASS  space 
programmes,  there  has  been  a  remarkable  similarity 
in  the  signal  architecture  in  space.  GPS  & 
GLONASS  both  employ  a  coarse  code  (C/A)  at  the 
upper  of  the  two  L-band  frequencies  (LI)  but  not 
at  the  lower  (L2)  frequency  and  the  two  systems 
employ  a  fine  code  (P)  at  both  LI  and  L2 
frequencies.  As  is  well  known  satellites  are 
distinguished  in  GPS  by  a  characteristic  code 
known  as  Code  Division  Multiple  Access  (CDMA) 
whereas  GLONASS  uses  the  method  of  Frequency 
Division  Multiple  Access  (FDMA).  A 
distinguishing  feature  of  GPS  not  observed  in 
GLONASS  is  the  use  of  Selective  Availability  (SA) 
to  reduce  accuracy  to  non-authorised  users  and  anti¬ 
spoofing  (AS)  to  prevent  access  to  the  fine  (P) 
code.  The  situation  is  summarised  in  Table  3. 


GNSS  SIGNAL  STRUCTURE 


o  GPS 

•  C/A  CODE  LI 

•  P  CODE  LI 

•  NO  C/A  CODE  L2 

•  P  CODE  L2 

•  CDMA 

•  SA/AS 


o  GLONASS 

•  C/A  CODE  LI 

•  P  CODE  LI 

•  NO  C/A  CODE  L2 

•  P  CODE  L2 

•  FDMA 

•  NO  SA/AS 


Table  3 


It  should  be  noted  that  steps  are  being  taken  [2]  by 
the  National  Academy  of  Public  Administration 
(NAPU)  within  the  US  to  alter  the  strategy  with 
regard  to  GPS  so  as  to  improve  matters  for  the 
civil  user.  Firstly  there  is  a  proposal  to  turn  SA  to 
zero  immediately  and  to  deactivate  it  after  3  years. 
This  would  bring  GPS  into  line  with  GLONASS 
which  does  not  employ  SA  although  there  can  be 
no  doubt  that  the  capability  to  do  so  is  present. 
Secondly  NAPU  proposes  the  use  of  the  coarse 
C/A  code  so  as  to  allow  the  user  to  estimate 
ionospheric  delay  and  so  to  improve  accuracy.  In 
parallel  but  independent  of  these  moves,  the 
GLONASS  administration  has  planned  for  some 
time  now  transmit  the  C/A  code  at  both  LI  and  L2 


frequencies  on  the  new  GLONASS-M  satellites,  the 
first  of  which  is  to  appear  early  in  1996.  If  both 
these  steps  are  taken  (i)  not  remove  SA  on  GPS 
and  (ii)  to  implement  an  added  C/A  code  at  L2,  it 
would  bring  GPS  &  GLONASS  very  much  into 
line  with  each  other  with  regard  to  capability  and 
improve  the  available  accuracy  of  both  to  the  civil 
user  significantly. 

GLONASS  time  references 

Individual  GLONASS  satellite  transmit  data  relating 
to  two  time  references  (i)  SV  time  to  GLONASS 
system  time  and  (ii)  GLONASS  system  time  to 
UTC(SU).  The  navigator  is  not  normally  directly 
interested  in  the  latter  of  these  two  references  as  it 
is  sufficient  to  relate  all  events  to  system  time. 
However,  the  behaviour  of  the  national  Universal 
Coordinated  Time  (UTC)  reference  is  extremely 
important  in  defining  UTC  itself.  The  performance 
and  stability  of  UTC  (which  represents  essentially 
World  Time)  allows  the  satellite  systems 
themselves  to  function  more  accurately  and 
precisely  in  terms  of  both  position  and  time.  So  in 
an  indirect,  long-term  sense,  the  quality  of  the 
UTC  references  supporting  both  GPS  &  GLONASS 
impinges  strongly  on  the  ultimate  performance 
capability.  For  some  time  now  the  US  national 
reference,  UTC(USNO)  has  been  steered  towards 
UTC  itself.  Over  the  past  5  years  there  has  been  no 
steering  with  UTC(SU)  but  at  OOh,  23rd  March 
1995,  a  frequency  change  was  implemented  -  see 
Figure  7  -  leading  to  very  much  lower  rates  of 
change  of  phase  with  time  (about  2ns/day).  The 
change  which  came  about  [3]  as  a  result  of  analysis 
of  data  from  updated  primary  Cesium  atomic  clocks 
at  the  National  Time  &  Frequency  Standard  of 
Russia  consisted  simply  of  a  step  in  time  scale  of  - 
10  E  -14  s/s. 

The  parameter  (AO)  in  the  GLONASS  data  message 
which  relates  GLONASS  system  time  to  UTC(SU) 
has  a  resolution  (LSB)  of  7  ns  and  is  normally  only 
updated  to  satellites  once  a  day  (and  often  less 
frequently)  by  the  control  segment.  As  a  result,  a 
plot  of  AO  against  time  shows  a  step-like  behaviour 
as  may  be  observed  in  Figure  8  which  presents  data 
received  from  one  of  the  GLONASS  satellites 
(GLONASS  64)  over  a  period  of  200  days.  Some 
of  the  steps  in  the  data  amount  to  100  -  200  ns. 
Clearly  the  parameter  as  transmitted  provides  only 
a  very  crude  description  of  the  (actual)  smooth 
relation  between  system  time  and  UTC(SU)  and  is 
unsatisfactory  for  the  purposes  of  precise  time 
transfer.  It  would  lead  to  much  improved  capability 
for  time  transfer  purposes  were  the  parameter  AO 
to  be  allocated  a  much  higher  resolution  (say  1  ns) 
and  be  uplinked  much  more  frequently. 
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Alternatively  an  additional  frequency  offset  could 
be  transmitted  to  the  user. 

GLONASS  information  sources 

Within  the  last  year,  a  Coordinated  Scientific 
Information  Center  (CSIC)  of  the  Russian  Space 
Forces  has  been  introduced  [4]  to  provide 
information  relating  to  the  GLONASS  system.  The 
CSIC  may  be  contacted  by  mail,  fax,  phone,  e-mail 
and  now  has  a  home  page  on  the  Internet. 

Typically  the  CSIC  provides  details  on:- 

(i)  constellation  status 

(ii)  forthcoming  launches 

(iii)  notice  advisories 

The  constellation  status  lists  all  operational  satellites 
by  GLONASS  and  Cosmos  number.  Until  fairly 
recently,  GLONASS  launches  were  not  announced 
in  advance.  However  the  most  recent  launch  (#26 
of  24  July  1995)  was  declared  by  the  CSIC  on  19 
July  with  full  details  of  intended  launch  plane,  final 
position  and  transmit  channel  of  the  three  satellites. 
For  many  years  now,  GPS  users  have  had  access  to 
Notice  Advisories  to  Navstar  Users  (NANUs). 
Now  GLONASS  users  can  access  NAGUs  issued 
by  CSIC  giving  current  information  about 
individual  GLONASS  satellites. 

A  second  Russian  source  [5]  has  recently  become 
available  which  also  provides  information  relating 
to  the  GLONASS  system. 

Summary 

GPS  has  already  reached  Full  Operational 
Capability  (FOC);  there  can  be  little  remaining 
doubt  that  GLONASS  will  reach  the  same 
milestone  by  the  end  of  1995  or  early  in  1996. 
There  are  a  number  of  important  aviation,  maritime 
and  surveying  applications  of  global  satellite 
navigation  which  demand  the  use  of  more  than  one 
system  from  the  viewpoint  of  independence, 
redundancy,  availability  and  system  integrity. 

There  are  of  course  a  number  of  problems 
associated  with  dual  use  of  GPS/GLONASS  not 
least  in  the  area  of  satellite  control.  The  lifetime  of 
GLONASS  satellites  is  still  less  than  their  GPS 
counterparts.  However,  the  new  GLONASS-M 
satellites  will  appear  on  the  scene  during  the  first 
part  of  1996  offering  improved  lifetimes  of  5  years 
and  more  stable  on-board  atomic  clocks. 


The  planned  chnages  to  existing  use  of  frequencies 
in  and  around  the  GLONASS  band  are  necessary  to 
avoid  problems  with  interference  from  mobile 
satcomms  to  and  from  GLONASS  to  radio 
astronomy.  Any  of  the  measures  that  have  been 
outlined  are  likely  to  cause  some  disruption  to 
receiver  manufacturers  and  users  of  the  system, 
although  a  reduction  in  the  bandwidth  used  by  the 
system  would  be  an  advantage  in  the  long  term. 
The  current  level  of  C/A  code  performance  of  the 
GLONASS  system  is  better  than  that  of  GPS  with 
Selective  Availability,  despite  the  lower  code 
chipping  rate  of  GLONASS  and  as  there  are  no 
known  plans  by  the  CIS  to  introduce  any  SA  type 
degradation  of  the  signals,  this  is  likely  to  remain 
so. 
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GLONASS  SATELLITES  1986-88 
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Figure  1.  GLONASS  launches  during  1986-88 


GLONASS  SATELLITES  1989-91 
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Figure  2.  GLONASS  launches  during  1989-91 


Figure  4.  GLONASS  launches  during  1995-97 
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GLONASS  -  SEPT  95  ^  22  SV’s 
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Figure  5. Status  of  GLONASS  in-orbit  -  September  1995 
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Figure  7.  UTC  -  UTC(SU)  versus  Modified  Julian  Day  (MJD) 
Change  of  slope  at  MJD  49799  -  23  March  1995 
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Figure  8.  Data  transmitted  by  GLONASS  satellites 
Modified  Julian  Day  (MJD)  49718  corresponds  to  1/1/95 
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ABSTRACT 

After  GPS  has  reached  the  operational  status,  the 
Russian  Navigation  Satellite  System  GLONASS,  is 
also  approaching  the  stage  of  constellation  completion. 
However,  the  knowledge  about  the  capacities  of 
GLONASS,  as  compared  with  those  of  GPS,  is  rather 
scarce,  because  of  the  reduced  number  of  receivers 
available,  and  the  little  literature  published  so  far. 

The  DLR  Remote  Sensing  Station  Neustrelitz  has 
started  several  activities  around  GLONASS.  Some  of 
the  purposes  we  have  are  the  proper  evaluation  of  the 
quality  and  integrity  of  the  Russian  system,  the 
distribution  of  updated  information  about  the  system  to 
other  users,  and  the  extensive  testing  of  the  capa¬ 
bilities  of  GLONASS,  as  compared  with  the  current 
GPS  performance,  in  areas  like  positioning,  navigation 
and  ionospheric  monitoring.  In  this  paper  we  will 
present  part  of  our  work  in  the  evaluation  of  the 
GLONASS  system  and  a  first  detailed  comparison  of 
the  applicability  of  GLONASS  for  ionospheric  mo¬ 
nitoring,  as  stand  alone  or  combined  with  GPS. 

Ionospheric  monitoring  based  on  GPS  is  one  impor¬ 
tant  line  of  research  in  DLR  Neustrelitz,  and  we  are 
providing  a  regular  distribution  of  ionospheric  TEC 
values  for  other  users,  using  our  permanent  GPS  refe¬ 
rence  station  and  also  other  stations  from  the  IGS  net¬ 
work.  The  inclusion  of  GLONASS  data  into  the 


scheme  of  this  monitoring  is  a  rather  natural  appli¬ 
cation  of  the  system,  and  an  excellent  test  base  to  eva¬ 
luate  the  data  quality  and  the  possible  complications  of 
the  GLONASS  structure  for  this  purpose.  Moreover, 
the  use  of  the  new  observables  from  GLONASS, 
increases  the  spatial  coverage  of  the  data  when 
monitoring  with  a  single  station  by  more  than  50%. 

We  have  used  for  our  comparisons  a  combination  of 
two  receivers,  one  GLONASS  (3S_R101)  and  one 
GPS  (Turbo-Rogue)  in  the  same  site.  We  have  studied 
the  performance  of  the  GLONASS  receiver  in  terms  of 
reliability  and  integrity,  and  we  have  adapted  the 
existing  algorithms  for  TEC  monitoring  from  GPS  to 
the  combination  of  both  techniques.  In  this  paper  we 
will  present  the  results  of  these  tests  and  the 
comparison  of  the  results  that  are  obtained  using  each 
technique  independently  or  both  together,  in  terms  of 
ionospheric  corrections  monitoring. 


INTRODUCTION 

The  Russian  counterpart  to  GPS,  GLONASS  (GLObal 
NAvigation  Satellite  System)  is  approaching  the 
constellation  completion.  Currently  there  are  19  satel¬ 
lites  operational  (22  after  the  launch  in  July),  and  it  is 
scheduled  to  have  the  complete  set  up  during  1995. 
GLONASS  specifications  (i.e.  Bartenev  et  al.,  1994) 
are  rather  similar  to  GPS.  The  main  difference  is  that 
each  satellite  transmits  in  its  own  frequencies,  while  in 
GPS  all  transmit  in  the  same  frequency,  being 
distinguished  by  the  code  transmitted.  Otherwise,  both 
systems  use  L-band  in  two  frequencies  to  correct 
ionospheric  delays,  the  altitude  of  the  satellites  and 
their  orbits  are  comparable,  and  also  the  quality  of  the 
signals  are  nominally  similar  for  both. 

The  main  drawback  of  GLONASS  nowadays  is  the 
user's  segment.  There  are  very  few  receiver  manufac¬ 
turers,  most  of  them  in  Russia,  and  many  of  the 
receivers  available  have  been  designed  for  very 
specific  purposes,  and  are  not  well  suited  for  civil  uses 
like  precise  geodetic  measurements  or  light-weighted 
surveying  or  navigation. 
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In  DLR-Neustrelitz,  we  have  a  long  experience  as  a 
monitor  station  for  GPS  signals  with  puiposes  like 
differential  navigation,  ionospheric  monitoring  or 
system  integrity  checking.  Among  other  activities 
related  to  GPS,  we  are  operating  one  permanent  Turbo 
Rogue  GPS  receiver  for  real  time  ionospheric 
monitoring  and  system  integrity  checks.  We  are  also 
providing  regular  post-processed  ionospheric  TEC 
information  from  GPS  data,  via  anonymous  FTP,  to 
the  scientific  community. 

Since  1993,  GLONASS  has  become  one  of  the 
priorities  in  DLR-Neustrelitz.  Through  several 
agreements  with  Russian  Institutes,  we  acquired  three 
C/A-code  GLONASS  receivers  and  we  have  also 
purchased  a  3S  Navigation  RlOl  GLONASS  receiver, 
currently  used  as  permanent  monitoring  station,  much 
the  same  as  our  reference  Turbo  Rogue  for  GPS. 

In  the  first  part  of  this  paper  we  will  present  some  of 
the  comparisons  performed  between  the  different 
GLONASS  receivers  available  in  our  Institute,  both  in 
the  integrity  of  the  receivers  and  on  the  actual 
precision  of  the  real-time  positioning  output. 

In  the  second  part  we  will  discuss  more  in  detail  the 
performance  of  the  3S_R101  receiver,  and  the 
application  of  the  GLONASS  data  into  our  activities 
as  ionospheric  monitoring  station,  both  as  an  stand¬ 
alone  system  and  also  with  the  combination  of  both 
GPS  and  GLONASS  data. 


GLONASS  SET  UP  AT  NEUSTRELITZ 

At  Neustrelitz  we  have  four  different  GLONASS 
receivers,  the  RlOl  from  the  US  manufacturer  3S 
Navigation,  plus  three  receivers  manufactured  in 
Russia  by  the  Institute  of  Radionavigation  and  Time 
(ASN-16)  and  the  Institute  of  Space  Device  Engi¬ 
neering  (ISDE-16  and  Skipper).  In  figure  1  we  show  a 
simple  diagram  of  our  set  up. 

The  four  receivers  have  different  characteristics,  and 
they  also  belong  to  different  technological  generations. 
The  ISDE-16  is  a  receiver  specially  designed  and 
produced  to  be  used  as  GLONASS  monitoring  station 
in  Neusti'elitz  and  Moscow,  based  upon  the  architec¬ 
ture  of  the  Skipper  receivers.  It  offers  interesting 
improvements  over  its  predecessor,  like  the  use  of  16 


physical  channels  instead  on  one,  the  ability  of  track 
either  GPS  or  GLONASS  in  C/A  code,  and  the 
capability  of  producing  RTCM  differential  corrections. 
Currently  both  hardware  and  software  are  being 
thoroughly  tested  in  Neustrelitz. 

The  3S_R101  receivers  can  track  PI  and  P2  codes  for 
GLONASS,  and  it  can  also  track  simultaneously  GPS 
satellites,  but  these  only  in  C/A.  The  standard  output 
of  the  receiver  includes  the  carrier  phase  on  either 
C/A,  PI  or  P2  channels  (Beser,  1994). 

The  3S_R101  has  in  principle  the  capability  of  being 
used  for  ionospheric  monitoring  (it  tracks  both  fre¬ 
quencies)  and  precise  geodesy  or  navigation  (tracks  PI 
and  P2,  which,  unlike  GPS  today,  are  not  affected  by 
anti-spoofing  or  selective  availability),  so  it  was  a  good 
candidate  for  a  permanent  monitoring  GLONASS 
station. 


EVALUATION  OF  OUR  GLONASS  RECEIVERS 

Considering  that  most  of  our  receivers  only  use  C/A 
codes,  one  of  the  most  straight  forward  tests  is  to 
compare  directly  their  real-time  positioning  outputs  in 
order  to  check,  not  only  their  agreement  but  also  their 
internal  precision. 

The  four  receivers  have  been  operating  in  parallel  for 
a  limited  time  span.  The  ISDE-16  was  installed  in 
Neustrelitz  during  March  1995,  and  since  June  we 
have  had  problems  with  both  the  ASN-16  and  the 
Skipper.  We  selected  one  day  within  this  period  (April 
26,  1995)  in  which  all  receivers  were  operating  with 
no  apparent  problems,  and  we  compared  the  position 
outputs  given  by  each  of  them.  The  results  were  pres¬ 
ented  in  a  previous  report,  where  we  found  that  the 
performance  of  the  ISDE-16  receiver  was  rather  weak. 
After  testing  the  hardware,  we  found  some  problems 
with  the  power  output  of  our  frequency  standard, 
which  was  substituted  by  a  new  oscillator.  This  change 
improved  significantly  the  results  of  the  ISDE-16. 
Figure  2  shows  the  density  distribution  of  the  esti¬ 
mates  in  the  local  horizontal  plane  for  each  receiver. 
Figure  3  shows  their  vertical  components  estimated  as 
a  function  of  time.  While  for  the  ASN-16,  Skipper  and 
3S_R101  we  have  used  April  26th,  for  the  ISDE-16  we 
have  used  data  from  August  8th. 


GLONASS  SET-UP 


3S_R101  ISDE-16 


ASN-16 


SKIPPER 


us 

GLONASS/GPS 
8ch.  PI  or  P2  GLONASS 
8  ch  C/A  both 


Russia 

GLONASS/GPS 
16-ch.  C/A 
Not  both  simult. 


Russia 
GLONASS 
4  ch.  C/A 
Multiplexing 


Russia 
GLONASS 
4  ch.  C/A 
Multiplexing 


Figure  1.  Main  characteristics  of  the  GLONASS  receivers  at  DLR-Neusti’elitz 
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Figure  2.  Density  of  the  horizontal  distribution  of  the  estimates  from  the  4  GLONASS  receivers 
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Figure  3.  Vertical  estimates  from  the  4  GLONASS  receivers 


The  results  are  summarised  on  table  1  for  the  local 
components,  corrected  by  the  eccentricity  between 
antennas.  In  terms  of  precision,  they  show  the  superior 
performance  of  the  3S_R101  receiver.  This  makes  also 
use  of  the  P-code  pseudoranges,  not  only  C/A  as  the 
others.  Its  density  peaks  up  in  a  small  section  of  the 
horizontal  plane  (8  m.  rms  in  both  coordinates). 


From  the  other  three  receivers,  operating  with  C/A 
code,  the  results  show  that  the  ASN-16  and  ISDE-16 
receivers  give  rather  good  performance,  slightly  better 
for  the  ASN-16.  This  receiver  operates  on  multi¬ 
plexing  mode  (only  one  physical  channel)  and  only 
tracks  four  satellites  simultaneously. 
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Nevertheless,  the  results  are  very  good,  with  standard 
deviations  of  10  to  12  meters.  The  ISDE-16  produces 
standard  deviations  on  the  same  level.  Note  that  the 
ISDE-16  is  designed  for  integrity  monitoring,  not  for 
positioning,  so  the  results  are  not  filtered  or  optimized 
in  any  way.  The  Skipper  receiver  is  much  weaker  that 
the  others.  Both  the  Skipper  and  the  ISDE-16  present 
a  considerable  number  of  outlayers  in  the  estimation. 

In  the  vertical  component,  we  see  the  same  rating  of 
quality.  The  3S_R101  shows  a  very  narrow  noise  level, 
although  with  changes  from  time  to  time  that  degrade 
the  standard  deviation,  probably  caused  by  differences 
in  the  visible  scenario  or  by  the  changes  of  the  satellite 
broadcast  ephemerides.  The  ASN-16  performs  also 
very  good  with  more  noise,  but  without  the  systematic 
changes  present  in  the  3S_R101.  The  ISDE-16  shows 
some  more  noise  than  the  ASN-16.  For  these  three,  the 
standard  deviation  of  the  vertical  component  is  about 
20  meters.  The  Skipper  is  clearly  poorer,  again  with  a 
considerable  number  of  outlayers. 

All  antennas  were  located  at  the  roof  of  our  main 
building,  with  a  maximum  difference  of  3.5  meters. 
The  mean  positions  given  by  each  receiver,  referred  to 
the  same  reference  point  are  given  in  table  1. 


Table  1.  Estimates  of  the  position  and  standard  deviations 
(all  referred  to  the  same  reference  point)  given  by  all  four 
receivers  with  their  rms  values.  All  numbers  in  meters. 


North 

East 

Up 

3S^R101 

+63.29 

8.15 

+5.48 

8.39 

+137.00 

19.00 

ASN-16 

+55.37 

10.59 

-9.43 

12.40 

+144.07 

18.00 

ISDE-16 

+55.02 

10.773 

-16.07 

11.575 

+145.87 

22.255 

SKIPPER 

+56.27 

23.23 

+14.15 

22.14 

+140.49 

38.43 

GLONASS  frq^  21  PI  rms  -  0.29 


The  agreement  between  receivers  is  not  very  good 
with  differences  in  the  range  of  tens  of  meters.  Not  all 
receivers  observed  the  same  amount  of  time  or  during 
the  same  period  (The  ISDE-16  data  comes  from 
August),  so  some  of  the  difference  could  be  accounted 
to  different  satellite  configurations.  Other  possible 
causes  are  under  study. 

Quality  of  GLONASS  observables  versus  GPS 

In  order  to  be  used  in  high  precision  applications,  we 
must  check  the  quality  of  the  observables  produced  by 
our  reference  GLONASS  receiver,  particularly  com¬ 
pared  with  the  current  status  of  GPS. 

We  have  computed  the  noise  level  for  the  P-code  at 
both  frequencies  in  GLONASS  using  the  RlOl  rece¬ 
iver.  The  expression  used  for  this  comparison  takes  the 
two  observables  (carrier  phase  and  pseudorange)  over 
two  consecutive  times  in  the  following  way: 

Pi(t)  and  Lj(t)  are  the  observed  pseudorange  and 
cairier  phase  at  frequency  i  at  the  time  t,  and  Xj  is  the 
wavelength  at  frequency  i.  The  resulting  quantity  is 
thus  free  from  the  geometry,  troposphere  and  clock 
effects,  as  well  as  from  the  initial  phase  ambiguities. 

The  only  terms  that  contribute  to  N  are  the  change  in 
ionospheric  delays  between  the  two  consecutive  times 
(not  larger  than  1-2  cm  for  30  seconds  data  rate  under 
normal  ionospheric  conditions),  the  contribution  from 
multipath  and  the  random  noise  from  the  four 
observables.  As  the  carrier  phases  are  one  or  two 
orders  of  magnitude  more  precise  than  the  pseudo¬ 
ranges,  this  term  reflects,  in  practice,  the  noise  level  of 
the  P-code  pseudorange.  This  expression  has  been 
applied  to  GPS  and  GLONASS  data  from  the  Turbo- 

GLONASS  frq;^  21  P2  rms  =  0.22 


GLONASS  frq#  22  PI  rms  =  0.45 


GLONASS  frq#  22  P2  rms  =  0.52 
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Figure  4.  Noise  level  for  GLONASS  satellites  (frequencies  21  and  22)  at  both  PI  and  P2 
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Figure  5.  Noise  level  for  GPS  satellites  (PRN  12  and  22)  at  both  PI  and  P2 


Rogue  and  3S_R101  receivers  at  Neustrelitz,  for  all 
satellites  and  in  both  frequencies.  We  have  also  been 
able  to  compare  the  noise  level  to  GPS  satellites  with 
and  without  anti-spoofing  (A/S). 

In  figures  4  and  5  we  compare  the  results  for  PI  and 
P2  using  two  GLONASS  satellites,  one  normal,  and 
one  with  some  problems  (reported  also  by  the 
Coordinational  Scientific  Information  Center,  Russian 
Space  Forces,  private  communication),  and  the  same 
for  two  GPS  satellites,  one  with  A/S  on  and  one 
without. 

From  the  GLONASS  data  (fig.  4)  the  rms  of  the 
noise  is  of  about  20-30  cm,  consistently  in  both 
frequencies,  which  is  in  agreement  with  the  nominal 
expected  precision  and  better  than  other  published 
results  presented  at  an  earlier  stage  of  the  system  (e.g. 
Riley  and  Daly,  1993).  It  is  important  to  note  that  the 
GLONASS  frequency  number  is  assigned  to  two 
different  satellites,  located  in  the  same  orbit  plane,  but 
in  antipodal  locations.  Then,  each  of  the  plots  is 
representing  two  spacecrafts. 

For  the  frequency  number  22,  the  satellites  located  at 
slot  16  is  the  one  with  the  problems  mentioned  above, 
and  it  shows  in  a  worse  rms  value  of  about  0.5  m.  due 
to  several  large  outlayers. 

For  the  GPS  data  (fig.  5)  of  satellite  12,  with  A/S  off, 
we  see  an  excellent  performance,  with  rms  level  of  20 
cm,  even  considering  the  lower  elevation  cut-off  of  the 
Rogue  receiver,  so  the  low-elevation  data  present 
contributes  to  an  increase  of  the  total  rms.  For  satellite 
22,  however,  with  A/S  on,  we  can  appreciate  a 
degradation  in  the  quality  of  the  signal  both  in  PI 
(which  in  fact  is  the  C/A  GPS  code)  with  an  rms  of  0.5 
m  and  even  worse  at  P2, 1.45  m,  which  is  computed  by 
a  cross-correlation  of  the  incoming  phases  plus  the 
C/A  code. 


The  conclusion  is  that  GLONASS  code  data  has  a 
precision  comparable  to  the  GPS  without  Anti- 
Spoofing,  although  the  latter  is  slightly  better. 
However,  GLONASS  is  superior  to  GPS  with  A/S  on. 


IONOSPHERE  MONITORING  WITH  GLONASS 

The  dual  frequency  used  in  satellite  systems  like  GPS 
or  GLONASS  permits  the  elimination  of  ionospheric 
effects  for  navigation  or  positioning  activities. 
However,  it  can  also  be  used  to  determine  the  absolute 
value  of  the  ionospheric  delays,  which  in  turn,  can  be 
applied  to  a  number  of  other  activities,  like  correction 
of  single  frequency  receivers  by  differential  correction 
dissemination. 

So  far,  GPS  has  been  extensively  tested  in  its  capacity 
of  ionospheric  modelling  (e.g.  Lanyi,  1988;  Coco, 
1991  or  Zarraoa  &  Sarddn,  1995).  In  principle 
GLONASS  could  also  be  used  for  the  same  purpose, 
either  as  stand  alone  system  or  in  combination  with 
GPS,  and  some  initial  efforts  have  been  presented  by 
several  groups  (Danaher  et  al.,  1993;  Riley  and  Daly, 
1993;  Bishop  etal,  1994). 

In  DLR  Neustrelitz,  there  are  several  activities 
towards  the  accurate  estimation  of  ionospheric  delays 
from  GPS  signals.  A  real-time  monitoring  system  has 
been  developed,  which  can  be  used  to  rapidly 
disseminate  corrections  and/or  information  about  the 
ionospheric  conditions,  which  are  applicable  to  a  large 
region  within  Germany.  Moreover,  a  regular  analysis 
of  a  global  network  (based  on  IGS)  over  Europe,  is 
being  used  to  produce  ionospheric  TEC  maps  and 
instrumental  bias  time  series,  which  are  available  via 
FTP  to  the  scientific  community. 

In  this  environment,  it  is  specially  interesting  to  test 
the  capability  of  GLONASS  data  from  the  3S_R101 
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Figure  6.  Vertical  TEC  at  Neustrelitz  estimated  from  GLONASS  data  (3S_R101  receiver)  from  June  30th  to 
July  2nd,  1995 


receiver  to  monitor  also  the  ionosphere,  alone  or  in 
combination  with  GPS. 

Our  3S_R101  receiver  has  8  channels  able  to  receive 
GLONASS  P-Code  data,  in  either  LI  or  L2 
frequencies,  but  not  both  in  the  same  channel.  Thus 
the  output  per  channel  is  the  pseudorange  and  the 
carrier  phase  observable  in  either  PI  or  P2  for  the 
selected  satellite. 

In  order  to  investigate  the  use  of  GLONASS  data  for 
the  determination  of  ionospheric  delays  we  have  used 
the  receiver  in  several  special  epochs  in  a  manual 
"lONO"  mode,  where  an  scenario  of  4  satellites  was 
selected  for  each  instant,  and  observed  each  satellite  in 
PI  and  P2  in  consecutive  channels. 

Our  software  for  post  processing  GPS  data  for  TEC 
determination  (Sarddn  et  al,  1994)  has  been 
successfully  adapted  to  GLONASS  data  and  we  have 
selected  a  test  epoch  (30th  of  June  to  2nd  of  July  1995) 
with  data  from  both  GLONASS  and  GPS. 

The  GLONASS  data  was  analysed  independently  and 
absolute  TEC  values  and  satellite  instrumental  biases 
obtained  for  the  first  time. 

Our  main  concerns  about  the  GLONASS  use  for 
ionosphere  were  the  calibration  of  these  instrumental 
biases.  Due  to  the  multifrequency  character  of 
GLONASS,  the  existence  of  inter  channel  bias  into  the 
receiver  had  to  be  verified,  so  a  series  of  tests  have 
been  also  carried  out  in  this  direction. 


INSTRUMENTAL  BIASES  IN  3S  RlOl 


confirming  that  the  inter-channel  delays  were 
negligible.  We  have  also  studied  the  long  term  stability 
of  several  receivers  of  the  International  GPS  Service 
for  Geodynamics  (IGS)  network,  with  the  conclusion 
that  the  rms  variation  of  these  biases  from  one  day  to 
the  next  is  below  0.5  nanoseconds  for  the  differential 
delay  between  PI  and  P2  measurements. 

For  GLONASS,  and  the  3S_R101  receiver,  we  have 
also  investigated  the  stability  of  the  instrumental 
delays  over  channels,  by  performing  a  series  of 
calibration  tests,  where  all  channels  observed  the  same 
satellite,  alternating  PI  and  P2  in  the  8  channels  of  the 
3S_R101.  This  tests  can  be  used  to  determine  the 
possible  inter  channel  bias,  its  stability  in  time,  and  its 
dependence  of  the  satellite  frequency  observed. 

The  results  of  the  inter  channel  bias  calibration  show 
some  interesting  features.  The  comparison  of  the  four 
PI  channels  with  respect  to  the  mean  PI  at  each  time, 
show  a  step-like  decreasing  bias  from  2.8  cm  to  -2.7 
cm,  with  rms  values  of  slightly  over  1  cm  and  a 
similar  trend  is  also  in  the  P2  channels.  See  table  2. 


Table  2.  Inter  channel  biases  with  respect  to  the  mean  of  PI 
and  of  P2  and  differential  bias  for  each  channel  pair.  (All 
numbers  in  centimetres) 


chn 

0 

1 

2 

3 

4 

5 

6 

7 

PI 

2.8 

0.9 

-1.0 

-2.7 

P2 

2.5 

0.8 

-0.6 

-2.7 

P1-P2 

0.24 

0.10 

-0.41 

0.06 

In  the  case  of  one  of  the  Turbo  Rogue  receivers  at 
Neustrelitz,  we  have  performed  some  tests  in  the  past. 
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In  general,  the  channels  are  sampled  in  consecutive 
order,  although  all  observables  are  referred  to  the  same 
time  in  the  output.  An  explanation  for  these  decrease 


Time  (days)  from  Oh  UT  of  95jun30 

Figure  7.  Differences  between  independent  GLONASS  and  GPS  TEC  measurements  at  Neustrelitz  from 
June  30th  to  July  2nd,  1995 


Figure  8.  GPS  (+)  and  GLONASS  (x)  scenario  over 
Neustrelitz  (N)  at  one  particular  moment 


could  be  a  small  time  delay  in  the  actual  sampling 
time  with  respect  to  the  time  given  as  nominal,  which, 
acting  in  a  sequential  mode,  might  be  (in  average)  the 
same  between  any  two  consecutive  channels. 

Under  this  assumption,  by  using  two  consecutive 
channels  for  PI  and  P2  of  each  satellite,  we  can  reduce 
the  differential  delay  between  pairs,  which  is  the  term 
affecting  the  ionospheric  estimation.  In  our  case  the 
difference  between  any  two  pairs  reach  a  maximum 
level  of  6  mm.  This  is  not  negligible,  but  its  influence 
is  moderate.  All  the  data  presented  in  this  paper  was 
acquired  using  this  channel  distribution. 


RESULTS  OF  IONOSPHERIC  TEC  ESTIMA¬ 
TION  FROM  GLONASS 

In  figure  6  we  present  the  TEC  estimated  using  only 
the  3S_R101  receiver  for  the  test  period. 

Our  algorithms  applied  to  GPS  data  have  been 
checked  against  independent  ionospheric  techniques  in 
the  past  (Sarddn  et  al,  1993;  Sold  et  al,  1994),  so  the 
direct  comparison  with  TEC  models  derived  from  GPS 
should  be  a  straight  forward  validation  method  for  the 
GLONASS  results.  In  figure  7  we  show  the  differences 
between  the  GLONASS  and  GPS  estimates  of  the  TEC 
for  the  same  period  as  in  figure  5.  The  rms  differences 
is  of  1.58  TEC  units  which  is  in  agreement  with  the 
expected  accuracy  of  our  estimation  method,  from  one 
to  two  TECU  (Zarraoa  &  Sarddn,  1995). 

The  same  TEC  is  reproduced  by  both  systems, 
although  some  differences  remain,  which  in  general 
correspond  to  periods  where  the  number  of  available 
GLONASS  satellites  is  small. 

Once  we  have  proven  that  GLONASS  can  operate  as 
an  stand  along  ionospheric  monitoring  system,  which 
is  consistent  with  similar  GPS  analysis,  we  can  try  to 
combine  the  two  sets  of  data  in  a  single  analysis. 

The  advantages  of  this  combination  are  several.  First, 
the  number  of  observables  can  be  increased  by  more 
than  50%  with  our  current  receiver  and  GLONASS 
constellation,  and  the  observed  geometry  improves. 
This  is  illustrated  in  figure  8  where  the  two  sets  of 
observables  at  Neu.strelitz  are  plotted  for  a  certain 
time, .showing  how  GLONASS  adds  points  in  empty 
zones  of  the  GPS  scenario.  For  the  test  period,  the 
increase  in  data  when  GLONASS  was  added  to  GPS 
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was  over  55%.  Second,  instrumental  effects  can  be 
better  evaluated  with  the  combination  of  data  from 
different  receivers. 

We  have  merged  both  data  sets  for  an  unique 
estimation  of  the  ionospheric  TEC.  With  this 
combination  we  have  also  been  able  to  produce  an 
improved  set  of  instrumental  biases  for  the  GLONASS 
system.  In  figure  9  we  show  the  TEC  estimated  by 
GPS  and  GLONASS  alone,  and  also  the  combined 
data  set  when  the  biases  have  been  fixed  to  those 
estimated  in  the  combined  solution.  Table  3  presents 
the  instrumental  biases  estimated  for  the  GLONASS 
satellites  for  that  day,  relative  to  the  receiver  bias, 
which  can  not  be  estimated  without  an  external 
calibration.  We  must  note  that  the  stability  in  time  of 
these  values  has  not  been  confirmed  yet,  and  we  are 
currently  processing  a  longer  data  set  to  verify  it. 


Table  3.  Instrumental  biases  of  the  GLONASS  satellites 
referred  to  our  3S_R101  receiver,  estimated  for  July  2nd, 
1995.  (nanoseconds) 


Slot 

Slot 

Slot 

1 

- 

9 

- 

17 

2.53 

2 

1.54 

10 

- 

18 

-0.05 

3 

1.05 

11 

- 

19 

0.26 

4 

3.92 

12 

3.37 

20 

0.49 

5 

4.80 

13 

- 

21 

0.61 

6 

1.92 

14 

5.07 

22 

0.32 

7 

2.48 

15 

- 

23 

7.05 

8 

- 

16 

5.45 

24 

1.67 

With  the  exception  of  the  period  between  14:00  and 
18:00  where  GLONASS  could  only  observe  one 
satellite,  we  can  see  that  the  three  systems  produce 
very  much  the  same  results.  The  rms  differences 
between  GLONASS  and  the  combined  solution  are  of 
only  0.3  TECU,  and  between  GPS  and  the  combined 
solution  are  of  0.15  TECU. 


CONCLUSIONS 

The  results  showed  here  are  part  of  an  extensive  effort 
in  testing  the  reliability  and  integrity  of  the 
GLONASS  system  for  positioning,  navigation  and 
ionospheric  monitoring. 

Our  first  conclusion  is  that  the  GLONASS  concept  is 
perfectly  alive  and  walking  rapidly  towards  system 
completion,  in  spite  of  the  economic  and  logistic 
problems  in  Russia.  The  constellation  is  almost 
complete  and  the  performance  of  the  system  is 
according  to  the  expected  specifications. 

The  data  quality  is  comparable  with  the  GPS  P-code 
standards,  with  the  advantage  of  the  lack  of  Anti- 
Spoofing  systems,  which  makes  the  GLONASS  P-code 
to  be  significantly  more  precise  than  the  current  GPS 
performance  under  Anti-Spoofing. 


Some  receivers  are  nowadays  able  to  use  the  full 
accuracy  of  the  GLONASS  signal,  like  the  3S 
Navigation  RlOl  series,  with  access  to  P-code  and 
phases  of  both  frequencies.  However,  the  receiver  side 
is  still  the  weakest  point  in  GLONASS.  Few  receiver 
types  are  available,  and  most  of  them  are  not  suitable 
for  high  accuracy  requirements  and  are  not  designed 
for  light-portable  navigation  uses  either. 


TEC  Comparison  GPS  vs  GLONASS  vs  Both  combined 
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Figure  9.  TEC  estimations  for  July  2nd,  1995,  obtained  by 
GPS,  GLONASS  and  the  combination  of  both,  when  the 
instrumental  biases  are  estimated  from  the  combination. 


The  quality  of  the  high  precision  (P-code  and  carrier 
frequency)  GLONASS  data  has  been  demonstrated  in 
its  application  to  ionospheric  monitoring.  GPS  and 
GLONASS  have  been  successfully  combined  in  a 
regular  analysis  procedure  to  obtain  both  TEC  values 
and  instrumental  systematic  errors,  improving  by  55% 
the  amount  of  data  available  from  GPS  only,  and  thus 
improving  the  results  and  coverage  of  our  ionospheric 
corrections  for  external  users. 
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ABSTRACT 

The  GLONASS  (ICD-92)  double  difference  carrier 
observables  must  be  transformed  to  either  a  common 
frequency  or  to  linear  distances  in  order  for  the  relative 
receiver  clock  errors  to  cancel.  Such  a  scaling  causes  the 
double  difference  equations  to  contain  single  difference 
ambiguities  whose  coefficients  depend  on  the  GLONASS 
frequencies.  Pseudoranges  are  used  to  compute  an 
approximate  single  difference  ambiguity  value  for  the  base 
satellite.  This  additional  step,  which  is  not  required  for 
GPS,  allows  the  double  difference  ambiguity  formulation. 
However,  this  initial  approximation  of  the  single  difference 
ambiguity  must  meet  certain  accuracy  limitations.  Dual¬ 
frequency  pseudoranges  and  carrier  phase  observations  to 
5  GLONASS  satellites  are  used  to  verify  software 
implementation  and  to  draw  conclusions  such  as  the  need 
for  frequency-dependent  hardware  delay  calibrations  and 
the  need  for  accurate  pseudoranges. 


INTRODUCTION 

GLONASS  is  becoming  increasingly  important  in  forming, 
together  with  GPS,  an  important  element  in  the  GNSS 
(Global  Navigation  Satellite  System).  GLONASS’s 
attractiveness  is  largely  attributed  to  the  lack  of  selective 
availability  (SA)  and  antispoofing,  making  two  P-code 
observables  available  to  Civilian  users  in  addition  to  both 
carrier  phases.  Modem  positioning  techniques,  such  and 
on-the-fly  (OTF)  ambiguity  resolution,  which  blur  the 
distinction  between  surveying  and  navigation,  perform 
better  the  more  satellites  are  observable.  The  fact  that  the 
satellites  of  both  systems  transmit  at  different  frequencies 
will  further  enhance  the  combination  solution. 

In  order  to  begin  exploring  GLONASS  for  precise 
positioning  either  as  a  stand-alone  satellite  system  or  in 
combination  with  GPS,  it  is  necessary  to  study  the 
peculiarities  of  GLONASS  carrier  phases  and  to  modify 
existing  GPS  software.  We  modified  the  program  KARS 
which  was  developed  at  the  National  Geodetic  Survey  for 
kinematic  and  rapid  static  surveys  by  G.  Mader.  This 
modification  and  the  respective  verification  is  the  major 
objective  of  the  initial  phase  of  this  study. 

Test  data  were  collected  with  two  10-channel,  3S 
Navigation  RlOO/40  GLONASS  receivers.  The  RlOO/40  is 
nominally  a  four-channel,  dual  frequency  C/A  and  P-code 
GLONASS  receiver.  It  can  be  expanded  to  ten  channels  by 
the  addition  of  Digital  Signal  Processing  (DSP)  boards. 
The  R1 00/40  is  a  PC-based  receiver  providing  extensive 
outputs  and  user  interface  capabilities.  The  receiver 
consists  of  a  broadband  antenna,  an  RF/IF  sub-system  and 
digital  signal  processor  boards  installed  in  IBM  PC/AT- 
compatible  expansion  slots.  The  user  operates  the  receiver 
through  the  host  PC.  The  RF/IF  unit  synthesizes  its  own 
10  MHz  reference  frequency  or  accepts  an  external  5  or 
10  MHz  input.  The  ten  parallel  channels  allow  for 
continuous  tracking  of  five  GLONASS  satellites  on  both 
LI  and  L2.  Code  and  carrier  phase  measurements  were 
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generated  at  each  receiver  within  1  msec  of  GLONASS  1- 
second  epochs. 

The  baseline  was  located  on  the  roof  of  the  3S  Navigation 
building.  As  with  so  many  other  roof-top  test  baselines,  it 
suffers  from  a  strong  multipath  environment.  The  baseline 
was  also  measured  with  Ashtech  Z-12  GPS  receivers  in 
order  to  generate  a  standard  for  comparison.  The  R1 00/40 
receivers  were  connected  to  the  same  Cesium  clock. 
However,  no  attempt  was  made  to  assure  that  the 
differential  clock  error  for  both  receivers  is  zero.  It  was 
further  learned  that  the  R1 00/40  receivers  occasionally 
generated  half-cycle  slips  at  the  time  of  data  collection. 
This  deficiency  has  since  been  corrected. 


Table  1:  GLONASS  Satellites  Used 


PRNfe^,...) 

Frequency  (Q 

Elevation  (deg) 

3 

21 

48 

4 

12 

30 

12 

22 

21 

18 

10 

42 

19 

3 

33 

In  order  to  eliminate  receiver  clock  errors,  the  GLONASS 
carrier  phase  observations  are  scaled  to  the  mean 
frequencies.  For  example,  the  scaled  undifferenced 
GLONASS  carrier  phase  observation  at  station  k  to 
satellite at  LI  band  is 


GLONASS  DOUBLE  DIFFERENCES 

The  GLONASS  carrier  frequencies  at  LI  band,  denoted  by 
a  subscript  1,  follow  from  the  expression 

-9(1 78 -kCx  0.0625) (1) 

where  the  C  denotes  the  frequency  number.  GLONASS 
satellites  are  identified  by  either  the  frequency  number  or 
the  PRN  number  {p).  Table  1  lists  the  satellites  used  in  this 
experiment.  The  L2-band  frequencies,  denoted  by  the 
subscript  2,  are  related  to  those  of  LI  as 

(2) 

For  the  purpose  of  this  study  we  introduce  the  mean 
GLONASS  frequencies 
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The  terms  on  the  right  hand  side  of  this  equation  refer  to 
the  topocentric  distance,  the  integer  ambiguity,  the 
topocentric  range  rate,  the  receiver  clock  error,  the 
satellite  clock  error,  the  ionosphere,  the  troposphere, 
receiver  hardware  delay,  multipath,  satellite  hardware 
delay,  and  observation  noise  respectively.  The  subscript  p 
in  the  hardware  delay  terms  and  the  multipath  term 
indicates  the  possibility  of  a  frequency  dependency. 
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for  which  the  inequality 
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As  with  GPS,  the  satellite  clock  error  and  the  satellite 
hardware  delay  cancel  in  single  differences.  The 
ionospheric  effects  cancel  for  short  baseline.  The 
observations  can  be  corrected  for  the  topocentric  range 
rate  term  using  a  receiver  clock  error  derived  from  the 
pseudoranges.  The  double  difference  between  stations  k 
and  m,  and  satellites  p  and  q  becomes 
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The  i/-term  in  (7)  represents  hardware  delays  and 
multipath.  Equation  (7)  differs  from  the  respective  GPS 
double  difference  expression  primarily  by  the  coefficients 


of  the  single-difference  ambiguities.  These  coefficients 
depend  on  the  satellite  frequencies.  The  single  difference 
ambiguities  are  linearly  dependent  and  cannot  be 
separately  determined  from  (7)  without  additional 
information. 

In  order  to  obtain  an  explicit  double  difference  ambiguity 
fonnulation,  we  introduce  an  approximate  value  for  the 
single  difference  ambiguity  to  satellite  p  such  that 

(8) 


^k.yt  ^  fl 

+dk.\,P  '^^\’.p')~^-^^^k,2.P  '^^k.2.p 

(13) 

A^L,.,o  =  <pL,.  +\\nL.. -{Vk  -9;^)]  (14) 

A^L.2.o(i)  =  9L,i  -\[Vk  -<)  (15) 


is  the  model  error  caused  by  the  error  in  approximation  of 
the  single  difference  ambiguity  to  satellite  p.  The  newly 
created  double  difference  ambiguity  is 


The  symbol  c  denotes  the  velocity  of  light.  The  numerical 
values  in  equations  (13-15)  apply  to  GLONASS 
frequencies.  The  subscript  2  in  (15)  indicates  the  single 
difference  ambiguity  of  L2.  In  both  (14)  and  (15)  the 
single-difference  ionospheric  term  has  been  neglected.  The 
determination  of  the  wide-lane  ambiguity  from  (13) 
depends  on  the  hardware  delays  and  the  multipath,  i.e.  the 
J-terms.  Since  the  base  satelfite  /?  is  at  a  high  elevation 
angle,  the  multipath  should  be  at  a  minimum. 

Instead  of  scaling  the  GLONASS  observations  to  the 
mean  frequency  according  to  equation  (9),  the  receiver 
clock  errors  also  cancel  in  double  differences  if  the 
undifferenced  carrier  phases  are  first  converted  to  linear 
distances.  In  that  case  we  obtain 


(12) 

Equation  (9)  can  be  modified  further  by  introducing 
approximate  values  for  the  single  difference  ambiguity  to 
satellite  q.  However,  such  an  additional  expansion  of  the 
ambiguity  does  not  gain  anything;  it  merely  results  in  a 
coefficient  of  1  for  the  reformulated  double  difference 
ambiguity  parameter.  Replacing  the  subscript  1  by  2  in 
equations  (9-12)  yields  the  respective  expressions  for  L2- 
band  observations. 

The  satellite  p  denotes  the  base  satellite.  This  is  usually  the 
satellite  with  the  highest  elevation  angle.  The  single 
difference  ambiguity  approximation  can  be  derived  from 
the  carrier  phases  and  pseudoranges  using  the  wide-lane 
expressions 


with 

<-) 

f\  \  fi 

In  our  modification  of  KARS  we  implemented  (9). 


DIFFERENTIAL  PSEUDORANGE  SOLUTION 

Because  pseudoranges  determine  the  approximate  single 
difference  ambiguity  value  to  the  base  satellite  via  equation 
(13),  there  is  a  need  to  ascertain  the  quality  of  the 
pseudoranges.  The  misclosure 
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Figure  2:  DifF.  Pseudorange  Solution  (k,m,Ll) 


where 


a  = 


(19) 


The  variation  of  the  misclosure  (18)  with  time  is  shown  in 
Figure  1  for  900  epochs  at  1 -second  spacing  (Station  m). 
Since  there  was  no  cycle  slip  during  this  interval  the 
variation  seen  in  Figure  1  is  primarily  due  to  the  multipath 
on  the  P 1  -pseudoranges. 
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Figure  1:  Misclosure  (m,Ll) 

The  differential  PI -code  solutions  for  stations  k  and  m  are 
shown  in  Figure  2.  The  GPS  derived  carrier  phase  solution 
is  shown  for  comparison.  The  differential  receiver  clock 
correction,  seen  in  Figure  3,  reflects  the  stability  of  the 
Cesium  clock;  the  variations  are  due  to  multipath.  The 
differential  receiver  clock  error  is  about  26.44 .  The 
residuals  in  Figure  4  show  a  large  variation  for  satellite  12. 
The  cause  for  this  variation  is  unknown. 
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Figure  3:  Differential  Station  Clock  (k,m,Ll) 
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Figure  4:  Pseudorange  Residuals  (k,m,Ll) 


CARRIER  PHASE  MISCLOSURES 

The  epochs  between  300  and  400  are  used  in  the  carrier 
phase  processing.  An  initial  assessment  of  the  quality  of 
the  dual-frequency  carrier  phases  follows  from  Figure  5 
which  shows  the  ionospheric  change  from  one  epoch  to 
the  next  using  all  satellites  observed  at  both  stations.  The 
observations  at  Station  m  appear  to  be  noisier  than  those 
of  Station  k.  The  cause  is  probably  due  to  the  use  of  an  in¬ 
line  amplifier  for  the  Station  m  antenna  connection  due  to 
the  longer  distance.  The  amplifier  was  tuned  for  LI 
frequencies  and  a  specific  cable  length.  Since  a  different 
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cable  length  was  used,  the  overall  gain  at  both  LI  and  L2 
could  have  been  affected,  resulting  in  reduced  carrier-to- 
noise  ratios  and  therefore  noisier  measurements. 


The  double  difference  carrier  phase  misclosures  were 
computed  form 


^hn,\ 

_  fl 


/l 


l.GiO 


pq 

^hnXGLO,b 


k 


,GLO 

ff 


N” 


kmXO  ‘ 


,GLO^  pq 
^  hti, a 


(20) 


where  the  subscript  b  denotes  the  observation,  and 
subscript  a  refers  to  the  GPS-derived  station  coordinates. 
The  fractional  parts  are  shown  in  Figures  6  and  7.  The 
integer  parts  were  (21,-3,12,-!)  and  (17,-4, 12,-1)  for  the 
double  differences  (3-4,3-12,3-18,3-19)  indicating  the 
suitability  of  equation  (13)  to  approximate  single 
difference  ambiguities.  The  ambiguities  to  the  non-base 
satellites  were  also  expanded  (otherwise  the  left-hand  side 
of  (20)  would  be  arbitrarily  large). 


Figure  6:  Double  Difference  Misclosures  (k,m,Ll) 


Figure  7:  Double  Difference  Misclosure  (k,m,L2) 

Figures  6  and  7  require  a  cautious  interpretation.  Because 
of  the  model  errors  (10),  caused  by  errors  in  the 
approximation  of  the  ambiguities  to  the  base  satellite,  the 
misclosures  should  not  exactly  coincide  with  integers  even 
if  the  hardware  and  multipath  terms  are  zero.  Rather,  these 
values  should  be  shifted  by  the  amount 
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before  coincidence  with  integers  can  be  expected.  Note 
that  the  same  approximate  single  difference  ambiguity 
value  was  used  for  all  epochs.  Figure  8  shows  the  variation 
of  £  with  dN.  The  initial  values  at  -  0  are  those  of 
epoch  300  in  Figure  6.  It  is  seen  that  only  the  double 
differences  (3-18)  and  (3-19)  transit  integers  at  the  same 
place,  i.e.  dN^SQ.  The  fact  that  not  all  double 
differences  transit  integers  for  the  same  dN  indicates  that 
hardware  delays  and  the  multipath  effects  are  not 
negligible.  In  fact,  a  frequency  dependency  of  the 
hardware  delays  cannot  be  excluded.  Prior  to  data 
collection  no  attempts  were  made  to  calibrate  the 
hardware  phase  delays  (Raby  and  Daly,  1993).  Some  of 
the  lines  in  Figure  8  could  also  shift  due  to  half  cycle  slips 
in  the  observations. 


1045 


0  10  20  30  40  50  60 


Figure  8:  Error  in  Wide-Lane  Ambiguity  for  Base  Satellite  (LI) 

OTF  CARRIER  PHASE  SOLUTIONS 

In  order  to  study  the  GLONASS  phase  observations  for 
OTF  positioning,  the  offsets  in  Figures  6  and  7  were 
averaged  and  the  double  difference  observation  corrected 
respectively.  In  order  to  make  the  OTF  computations 
more  realistic,  the  approximation  of  the  single  difference 
ambiguity  was  allowed  to  change  from  epoch  to  epoch 
according  to  the  variation  of  the  wide  lane  computed  from 
(13).  Figures  9  and  10  show  the  variation  of  the  multipath 
according  to 
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Figure  10:  Misclosure  and  Wide  Lane  to  Base  Satellite  (m,Ll) 


Using  an  ambiguity  threshold  value  of  0.9,  all  100  OTF 
solutions  qualified  and  fell  into  7  clusters  as  depicted  in 
Figure  1 1 .  A  total  of  72  solutions  fell  into  Cluster  1  which 
contains  the  correct  solution.  See  the  first  column  of 
Figure  11.  The  fact  that  the  other  clusters  received 
solutions  is  attributed  to  the  variation  of  the  approximate 
single  difference  ambiguity  to  the  base  satellite  and  the 
noise  of  the  observations.  Unfortunately  the  contrast  never 
exceeded  0.07  which  is,  again,  a  reflection  of  the 
observational  noise,  but  also  the  fact  that  only  5  satellites 
were  available.  Usually  a  contrast  of  0. 1  is  necessary  to 
assure  that  false  maxima  are  identified  and  eliminated. 


M[^=-0.65M[,-0.50MI,  (22) 

and  the  resulting  variation  in  the  wide  lanes.  Note  that  a 
wide-lane  variation  of  1  causes  a  change  of  4  or  5  in  the 
ambiguity  according  to  equation  (14),  which  in  turn  causes 
a  model  error  of  about  0.04  cycles  according  to  equation 
(11). 
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Figure  9:  Misclosue  and  Wide  Lane  to  Base  Satellite  (k,Ll) 


The  impact  of  the  wide  lane,  and  consequently  the 
approximation  of  the  single  difference  ambiguities  of  the 
base  satellite  were  investigated  by  adding  the  same 
constant  to  the  wide  lane  at  each  epoch.  Four  tests  were 
made  adding  1,  3,  5,  and  10  wide-lane  cycles  respectively. 
The  result  is  documented  in  Figures  1 1  to  14. 

Figure  1 1  shows  a  clear  decline  in  the  number  of  solutions 
falling  into  (the  correct)  Cluster  1  and  a  corresponding 
increase  for  the  other  clusters.  All  clusters  remain 
surprisingly  dense.  Figure  12  shows  that  the  average 
distance  with  respect  to  the  cluster  mean  barely  changes. 
The  rms  phase  residuals  increase  only  slightly  according  to 
Figure  13.  Figure  15  shows  the  change  in  the  maximum 
ambiguity  value  if  a  wide-lane  constant  of  20  is  added. 

It  appears  that  a  small  error  in  the  wide  lane  of  2  or  3 
cycles,  as  expected  from  the  multipath  variation,  could  be 
tolerated  in  OTF  application.  However,  additional  studies 
are  necessary  in  order  to  understand  better  the  impact  of 
additional  satellites. 
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Ambiguity  Fimction  Maximum  [LI -cycles]  [n™]  Number  of  Solutions 
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Figure  1 1 :  Cluster  Population 
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Figure  12:  Average  Distance  from  Cluster  Mean 


Figure  13:  RMS  Residuals 


The  KARS  program  has  been  successfully  modified  to 
process  GPS  and  GLONASS  carrier  phase  and 
pseudorange  observations.  The  modified  KARS  program 
will  be  used  for  additional  research  on  GLONASS  carrier 
phase  positioning. 

The  initial  GLONASS  data  set,  containing  dual-frequency 
pseudoranges  and  carrier  phases  to  5  satellites,  served 
primarily  to  test  software  modifications.  However,  the 
analysis  demonstrated  the  need  to  focus  future  tests  on  the 
determination  and  calibration  of  hardware  delays  which 
might,  in  addition,  be  frequency-dependent. 

The  dual-frequency  pseudoranges  are  used  to  determine  an 
initial  estimate  to  the  single  difference  ambiguity  of  the 
base  satellite.  These  estimates  must  be  sufficiently  accurate 
in  order  to  reduce  the  mathematical  model  error.  Our 
analysis  seems  to  indicate  that  the  variation  of  these  initial 
estimates,  caused  by  multipath,  might  be  tolerable  in  OTF 
application.  Clearly  the  role  of  the  pseudoranges  and  the 
wide-lane  ambiguity  must  be  further  investigated. 
However,  it  seems  clear  that  the  successful  uses  of 
GLONASS  carrier  phase  observation  in  kinematic 
applications  depends  much  more  on  accurate 
pseudoranges,  and  as  such  on  high-quality  antennas,  than 
is  the  case  for  GPS. 
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Figure  14:  Ambiguity  Function  vs  Error  in  Wide  Lane 
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INTRODUCTION 

The  GLONASS  space  navigation  system 
performance  meets  the  accuracy  requirements  of  most 
mass  users.  However,  there  are  the  series  of  important 
applications  which  require  a  more  high  accuracy 
(about  few  or  only  one  meter)  in  real  time,  and  the 
usual  autonomous  mode  of  GLONASS  use  caimot 
provide  this  accuracy  level. 

Particularly,  this  is  very  relevant  to  air  traffic 
control  during  an  approach  and  landing  phases  of 
flight,  vessels  traffic  services  for  harbour  approaches 
and  restricted  waters,  trajectory  monitoring  of  space 
vehicle  launchers,  etc.  But  the  differential  GLONASS 
and  GPS  systems  allow  to  provide  the  required  level  of 
accuracy  for  these  applications. 

HISTORY  AND  THE  STATUS  OF  THE 
PROBLEM 

In  Russia,  an  active  research  in  the  field  of 
differential  GLONASS  system  was  begun  in  the  end  of 
the  seventies,  that  is  practically  at  the  same  time  when 
GLONASS  itself  had  been  developed.  The  scientists  of 
Central  Research  Institute  of  the  Russian  Space  Forces 
(TsNII  VKS),  Russian  Research  Institute  of  Space 
Device  Engineering  (RNII  KP).  Scientific  Producting 
Corporation  of  Applied  Mechanics  (NPO  PM)  took 
active  part  in  these  research  works. 

A  developed  by  them  theoretical  aspects  of 
differential  GLONASS  special  features  allowed  to 
substantiate  a  ways  of  DGLONASS  implementation 
and  move  on  to  an  experimental  phase  of  research. 

As  a  result,  an  analytical  and  numerica} 
descriptions  of  a  differential  stations  operating  zones 
was  obtained,  and  a  boundaries  of  zone,  within  of 
which  a  main  errors  of  GLONASS  differential  mode 
are  decorrelated,  was  developed.  A  methods  of 


differential  mode  residual  errors  reduction  was  also 
developed. 

However,  owing  to  various  objective  causes  an 
implementation  of  differential  GLONASS  in  Russia 
was  dragged  on.  A  lack  of  the  Selective  Availability 
mode  in  GLONASS  system  played  a  not  unimportant 
role  in  the  process.  The  standard  accuracy  of 
GLONASS  on  the  few  ten  meters  level  met  the 
requirements  of  common  users  in  Russia. 

But  the  works  in  this  field  had  been  speeded 
up  in  1990-1991. 

It  should  be  noted  that  the  operating  zones  of 
some  foreign  DGPS  networks  are  partly  spreading  over 
the  Russian  territories  and  aquatories.  Besides,  a  some 
foreign  companies  are  displaying  the  great  interest  in 
penetration  to  the  Russian  market  of  users  equipment, 
and  in  deployment  of  its  own  differential  systems  in 
Russia. 

Under  these  circumstances,  an  interest  of 
Russian  users  and  users  equipment  manufacturers  in 
differential  mode  of  navigation  are  increasing. 
Therefore,  the  works  on  creation  of  differential  stations 
for  various  applications  had  been  speeded  up. 

For  instance,  Russian  Institute  of  Radio 
Navigation  and  Time  (RIRV)  developed  a  differential 
station  integrated  with  maritime  radiobeacon.  The 
station  provides  a  maritime  GLONASS/GPS  users  with 
the  differential  corrections  data. 

RNII  KP  developed  a  ground-based 
differential  station  providing  GLONASS/GPS  users 
with  the  differential  corrections  in  RTCM  SC- 104 
format.  Besides,  the  station  have  the  capabilities  to 
provide  a  ground-based  navigation  system  with  the 
signals  of  synchronization,  and  to  perform  an  integrity 
monitoring.  The  Russian  Space  Forces  demonstrated 
this  station,  and  the  others  prospective  models  of  users 
equipment  completely  providing  as  the  differential 
mode  as  the  combined  GLONASS/GPS  positioning,  at 
the  2nd  International  Air  Show  ”MAKS-95"  in 
Zhukovsky  (August  22-27, 1995). 

At  present,  there  are  the  plans  of  creation  of 
local-area  and  regional-area  differential  system  for  air 
traffic  control  and  vessels  traffic  services.  Taking  into 
account  its  departmental  specialization  caused,  on  the 
whole,  by  channels  selected  for  differential  corrections 
transmission,  the  use  of  these  systems  by  common 
users  is  problematical.  Therefore,  it  should  be  expected 
on  the  appearance  of  intentions  to  create  others 
differential  systems  in  the  future,  e.g.  for  the  sake  of 
surface  transportation  control. 
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Thus,  it  can  be  noted  there  is  the  tendency  to 
create  the  Russian  network  of  departmental  differential 
systems  oriented  towards  specified  users.  These 
systems  are  a  local-area  differential  systems  (LADS), 
and  its  operating  zones  do  not  cover  all  the  Russian 
territoiy.  The  way  of  differential  systems  deployment 
realized  by  the  simple  increasing  of  LADS  number  is 
too  hard  justified  from  the  standpoint  of  economics. 
That  is  why  the  other  way  of  differential  system 
deployment  was  proposed. 

In  1994,  Central  Research  Institute  of  the 
Russian  Space  Forces  jointly  with  Coordinational 
Scientific  Information  Center  of  the  Russian  Space 
Forces  (KNITs  VKS)  developed  a  project  of  the  future 
Russian  differential  system  with  the  use  of  ground- 
based  infrastructure  of  the  Russian  space  vehicles 
control  complex.  This  differential  system  will  be  able 
to  serve  practically  all  the  GLONASS  users  in  Russia. 

Principles  of  operation  of  this  system  and 
algorithms  of  differentia  corrections  calculation  and 
formation  were  formerly  developed  and  examined 
using  as  measuring  data  from  GLONASS  ground- 
based  control  complex,  as  results  of  TsNII  VKS/KNITs 
VKS/Russian  Maritime  Geodetic  Company  joint  works 
in  Far-East  and  South-East  Asia  regions. 

The  analysis  of  domestic  and  foreign  situation 
concerning  differential  systems  development 
performed  by  TsNII  in  1994  clearly  indicated  that  an 
isolated  development  of  WADS  and  LADS  do  not  meet 
up-to-date  requirements.  In  order  to  coordinate  the 
development  of  detached  differential  systems  in  Russia 
and  its  subsequent  integration  within  United  (State) 
differential  system  (UDS),  the  Concept  of  differential 
GLONASS  system  design  had  been  assigned  to 
develop.  Interdepartmental  resolution  "On  executing 
works  in  different-level  differential  systems  and 
integrity  monitoring  system  development"  from  1994, 
contains  this  assignment.  The  Concept  was  developed 
by  the  Russian  Space  Forces  (VKS)  jointly  with  the 
Russian  Space  Agency  (RKA)  and  the  Ministry  of 
Transport.  At  present,  the  first  version  of  the  document 
is  on  the  approvement  at  concerned  ministries  and 
departments. 

The  following  principles  of  UDS  design  was 
proposed: 

1)  the  differential  system  performance  will 
meet  all  the  requirements  of  main  group  of  users; 

2)  the  high-precise  navigation  field  of  UDS 
will  cover  the  most  important,  from  point  of  view  of 
economics  and  defense,  territories  and  aquatories  of 
the  Russian  Federation  and  a  neighboring  States.  A 
potential  capabilities  of  extending  the  UDS  operating 
zone,  reconfiguration  of  high-precise  navigation  field 
(or  UDS  ground-based  facilities  density  redistribution 
over  the  Russian  Federation  and  neighboring 

States)  will  be  foreseen; 

3)  the  basic  differential  system  features  is  the 
formation  and  distribution  of  correcting  and  additional 
data.  The  UDS  differential  corrections  will  be  fonned 
and  transmitted  for  the  sake  as  GLONASS  as  GPS 
users  in  any  combinations.  The  combined  transmission 
of  GLONASS/GPS  differential  corrections  will  not 


decrease  any  positioning  capability  of  only  one 
navigation  system  users; 

4)  the  UDS  will  be  created  with  the  minimal 
costs  through  the  rational  integration  of  wide-area, 
regional-area  and  local-area  differential  systems.  The 
existing  Russian  infrastructure  containing  GLONASS 
ground-based  control  complex,  ground-based 
radionavigation  systems  and  data  communication 
facilities  will  be  used; 

5)  standardization  and  unification  of 
differential  stations  equipment,  transmissions 
channels,  and  data  formats  will  be  executed  taking  into 
account  domestic  and  international  standards  and 
international  experience.  The  UDS  structure  will  allow 
to  rationally  combine  an  ability  to  meet  the  users 
requirements  with  a  maximal  unification  of  the  UDS 
basic  elements; 

6)  the  capability  of  interaction  between  UDS 
and  differential  GPS  systems  will  be  foreseen  and  the 
interaction  between  UDS,  GPS,  GNSS  and  its 
subsystems  will  be  based  on  appropriately  approved 
international  agreements; 

7)  in  the  process  of  UDS  creation  it  will  take 
into  account  the  specified  requirements  of  aviation  and 
maritime  users; 

8)  transition  from  LADS  to  regional-area 
differenti^  system  (RADS)  and  WADS  will  be  staged. 
An  extension  of  the  UDS  operating  zone  will  be 
performed  simultaneously  with  UDS  integration  for  the 
sake  of  various  users; 

9)  the  UDS  operation  will  be  checked  by  the 
Government  of  he  Russian  Federation  taking  into 
account  the  Russian  defense  and  economics  interests, 
and  the  existing  commitments  to  international  users 
community.  The  machinery  of  State  checking  and 
coordination  of  UDS  creation  will  realized  on  a 
interdepartmental  basis  with  a  participation  of  the 
concerned  departments,  developers  and  users. 

The  following  issues  will  be  coordinated 
during  the  process: 

-  determination  and  checking  of  adherence  to 
the  State  policy  in  the  field  of  the  UDS  creation  and 
development,  taking  into  account  the  Russian  national 
interests; 

-  determination  of  rules,  standards  and 
recommendations  concerning  the  UDS  creation, 
implementation  and  operation,  as  well  a  checking  of 
adherence  to  these  documents  too; 

-  an  allocation  of  State  share  of  funds 
distribution; 

-  certification  of  system  comjxjnents  and  the 
whole  system; 

-  integration  into  an  international  system 
taking  into  account  a  corresponding  requirements. 

The  Concept  determine  that  the  Russian 
differential  system  will  have  the  three-level  hierarchic 
structure  including  WADS,  RADS  and  LADS.  Each 
level  of  UDS  is  the  autonomous  system  performing  its 
own  tasks.  In  the  aggregate,  the  system  are  united 
system  providing  the  users  with  the  precise  navigation 
service. 
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The  wide-area  differential  system  (WADS) 
will  contain  the  Center  of  collecting  and  processing  of 
data,  the  monitoring  stations,  the  differential  stations 
and  data  transmissions  facilities. 

The  regional-area  differential  system  (RADS) 
will  contain  the  differential  stations  and  data 
transmission  facilities  united  into  network  for  the 
regional  users  service  (on  land  and  coasts  regions). 

The  local-area  differential  system  (LADS)  will 
contain  the  static  or  mobile  differential  station  and  the 
data  transmission  facility  operating  for  the  sake  of 
specified  users. 

The  basic  elements  of  the  united  differential 
system  are  the  centers  of  collecting  and  processing  of 
data,  differential  stations,  monitoring  stations, 
satellite-based  and  ground-based  data  links,  data 
interchange  systems  and  users  equipment. 

The  first  level  of  the  UDS  is  the  WADS  which 
provides: 

-  collecting  and  processing  of  data  received 
from  monitoring  stations,  2nd-  and  3rd-level 
differential  stations  in  order  to  promptly  correct  the 
parameters  of  regional  ionosphere  model,  and 
GLONASS  ephemerides,  clock  corrections  and 
integrity  data; 

-  tranmissions  of  needed  WADS  data  to  2nd- 
and  3rd-level  differential  stations  or  directly  to  users; 

-  interaction  between  the  WADS  and  the 
GLONASS  Control  Center  (navigation  field 
monitoring  division). 

The  required  number  of  the  Ist-level 
differential  stations  is  from  three  to  five.  Each  of  the 
stations  is  the  WADS  Center.  The  accuracy  of 
positioning  provided  within  the  1500-2000  km  area  is 
from  5  to  10  meters. 

By  our  opinion,  the  arrangement  of  Ist-level 
differential  stations  network  is  possible  on  a  basis  of 
existing  infrastructure  of  Russian  space  vehicles 
control  complex  which  contain  the  ground-based 
control  complex  sites,  data  interchange  systems  and  a 
powerful  computation  facilities. 

The  following  circumstances  are  propitious  for 
this  idea: 

-  the  ground-based  elements  of  the  Russian 
space  vehicles  control  complex  are  placed  over  a  wide 
area  of  all  the  Russia  ,  allowing  to  create  the  full 
coverage  by  differential  service  of  main  Russian 
regions; 

-  the  infrastructure  of  the  Russian  space 
vehicles  control  complex  have  the  excellent  capabilities 
to  collect  and  process  navigation  data  from  many  sites; 

-  the  most  simple  way  to  arrange  an 
interaction  between  GLONASS  Control  Complex  and 
differential  system  facilities  is  to  do  it  within  the 
WADS.  And  the  WADS  will  use  the  data  from  RADS 
and  LADS. 

The  second  level  of  UDS  is  RADS  (specialized 
differential  system),  which  will  be  created  in  order  to 
cover  the  highly  developed  regions  having  a  powerful 


economics  and  a  great  many  users.  The  RADS  can  be 
deployed  in  areas  of  an  intensive  traffic  (air,  maritime, 
surface,  railway),  complicated  meteo  conditions,  and 
where  the  surveying  is  performing,  etc. 

The  accuracy  of  positioning  provided  by  2nd- 
level  differential  station  within  the  500  km  area  is  from 
3  to  10  m. 

The  third  level  of  the  UDS  is  the  LADS  which 
will  be  deployed  in  detached  regions  in  order  to 
provide  a  particular  economic,  scientific  or  defense 
applications.  The  LADS  will  be  able  also  provide  the 
performing  of  special  (episodic)  departmental  works, 
including  the  post-processing  of  ^ta.  The  precise 
LADS  will  be  able  to  provide  within  the  few  tens  of 
kilometers  area  the  decimeter  level  of  positioning 
accuracy. 

The  LADS  can  be  also  created  in  a  mobile 
version.  3rd-level  differential  systems  may  contain  the 
pseudolites. 

The  key  problem  of  the  differential  system 
creation  is  to  arrange  a  data  transmission  channel 
providing  the  users  with  differential  corrections  and 
additional  information.  In  order  to  arrange  an 
information  interaction  between  the  elements  of  the 
differential  system  the  data  channels  will  be  provide  a 
continuous  transmission  of  differential  corrections  and 
the  additional  data  to  users,  and  the  required 
probability  of  the  correct  data  reception  by  them  within 
operating  zone. 

The  use  of  GLONASS  navigation  channel  to 
transmit  the  differential  corrections  to  users  is  the  one 
of  prospective  methods  of  resolving  the  problem. 

The  terms  and  stages  of  the  Russian 
differential  system  creation  depend  on  many  factors. 
However,  it  may  be  expected  the  Russian  RADS  and 
LADS  will  be  actively  deployed  in  1996-1997,  then 
they  will  be  integrated  into  the  UDS  in  1998-2000.  The 
UDS  will  use  the  capabilities  of  infrastructure  of  the 
Russian  space  vehicles  control  complex. 

THE  WAYS  OF  INTEGRATION  WITH 
FOREIGN  DIFFERENTIAL  SYSTEMS 


At  first,  an  integration  between  Russian 
differential  system  and  foreign  LADS  and  WADS 
should  be  directed  to  maximal  unification  of  correcting 
data  formats  and  the  transmission  channels.  This 
requirement  caused  by  economic  expediency  and  by 
increasing  Russian  cooperation  with  others  countries. 
The  cooperation  in  the  field  of  differential  navigation 
will  have  a  beneficial  effect  on  air  and  vessels  traffic 
control  in  area  of  responsibility  of  corresponding 
Russian  services. 

During  the  process  of  developing  economic 
cooperation  between  Russia  and  international 
community,  the  positing  of  problem,  concerning  the 
integration  of  Russian  differential  system  with 
international  differential  systems  (e.g.  in  European, 
Baltic  regions,  etc.)  may  be  legitimate. 
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By  our  opinion,  on  the  first  stage  of  such 
integration  a  joint  scientific-theoretical  and 
experimental  works  in  the  field  of  perfecting  the 
principles  of  unification  for  nation^  differential 
systems  to  be  integrated,  methods  and  algorithms  of 
calculation  and  formation  of  correcting  data, 
algorithms  of  global  and  local  monitoring  will  be  the 
one  of  form  of  mutually  beneficial  and  fruitful 
cooperation.  Besides,  it  will  be  expediency  to  consider 
the  possibility  of  differential  station  joint  development 
with  concerned  foreign  partners. 

CONCLUSION 

1.  At  present  there  is  an  objective  need  in 
Russian  differential  GLONASS  system. 

2.  The  most  expediency  from  standpoint  of 
economics  is  to  create  the  future  Russian  differential 
system  as  the  three-level  hierarchic  structure  including 
wide-area,  regional-area  and  local-area  differential 
systems. 

3.  The  use  of  capabilities  of  infrastructure  of 

the  Russian  space  vehicles  control  complex  is  the  most 
rational  way  of  the  domesfic  vvide-area  differential 
system  creation.  ^ 

4.  During  the  process  of  the  Russian 
differential  system  deployment  in  1998-2000  it  is 
expediency  to  execute  the  works  aimed  at  perfecting  of 
interaction  between  differential  GLONASS  and  GPS 
jointly  with  concerned  foreign  partners. 
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RUSSIAN  SPACE  FORCES 


THE  WAYS  OF  DEVELOPMENT. 


THE  CORE  ISSUES 
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with  concerned  foreign  partners. 
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ABSTRACT 

Satellite  navigation  signals  underlie  several  per¬ 
turbations.  These  include  effects  such  as  atmo¬ 
spheric  perturbations,  noise,  measurement  and 
clock  errors  as  well  as  multipath  in  the  surroun¬ 
dings  of  a  receiver.  In  addition  artificial  errors 
like  jamming  or  selective  availability  (SA)  can 
make  worse  the  availability  of  the  signal  or  the 
accuracy  of  position  determination.  At  present 
only  GPS  is  Reeled  with  SA  which  is  the  domi¬ 
nant  error  for  stand  alone  users.  Since  GLONASS 
is  available  now  this  system  can  be  used  in  com¬ 
bination  with  GPS.  The  model  presented  here  uses 
these  systems  applying  a  filter  algorithm  derived 
from  I^man  Mter  techniques  for  filtering  SA 
contributions  to  enhance  the  accuracy  and  the 
predictability  of  the  position  even  if  GLONASS  is 
unavailable  for  certain  times.  After  SA-filtering, 
the  signal  containing  noise  contributions  is  then 
treated  by  Kalman  filter  techniques. 

1.  INTRODUCTION 

Since  several  years  the  influence  of  perturbations 
of  GPS-signals  is  under  consideration.  There  are 
well  known  effects  such  as  atmospheric  perturba¬ 
tions  including  ionospheric  delay  and  atmospheric 
attenuation,  and  influences  on  the  kinematics  of 
the  space  vehicles  caused  by  gravitational  and 
non-gravitational  forces.  These  influences  are  of 
physical  nature  which  do  not  depend  on  the 
specific  system  and  are  the  major  reason  of  errors 
in  the  determination  of  the  user  position.  These 
errors  can  partially  reduced  by  application  of 
correction  models  for  systematic  errors  which  can 
be  found  for  a  short  review  e.g.  in  ref  1. 

Another  category  of  errors  are  due  to  equipment 
characteristics  like  code  generation  signal 
processing,  clock  errors  and  receiver  measu¬ 
rement  noise  (clock  noise  and  diffiise  multipath). 
Concerning  suppression  of  noise  the  importance 
of  linear  and  non-linear  forms  of  Kalman-filter 
procedures  was  shown  in  many  publications. 


1061 


A  third  source  of  potential  errors  can  be  found  in 
the  surroundings  of  a  receiver  antenna  where 
shadowing  and  specular  multipath  of  the  signal 
caused  by  obstacles  can  occur.  These  effects  are 
problematic  e.g.  for  users  on  the  ground  or  in  the 
landing  phase  of  airplanes.  For  these  user  groups 
modern  antenna  technology  can  be  a  help  for 
multipath  rejection.  An  example  for  this  technology 
is  presented  in  another  paper  (ref  2). 

Besides  the  ‘natural’  sources  of  errors  which  in 
general  can  occur  in  every  satellite  navigation 
system  like  GPS,  GLONASS  or  future  GNSS,  in 
addition  artificial  errors  can  be  added  to  the  signal 
itself  which  can  make  worse  the  availability  of  the 
signal  or  the  accuracy  of  the  position  determination 
by  varying  the  clock  or  ephemeris  data.  To  the  first 
item  jamming  can  be  added  while  the  second  effect 
is  represented  by  the  selective  availability  (SA), 
described  in  ref  l,ref  3  and  ref  4  or  in  many  other 
publications  not  mentioned  here.  This  selective 
availability  is  implemented  in  GPS  satellites  but  not 
in  GLONASS. 

The  elimination  of  SA  is  discussed  in  many  publi¬ 
cations  which  make  investigations  for  SA  correc¬ 
tions  in  the  GPS  system  only.  An  overview  can  be 
found  in  ref.  4.  A  treatment  of  SA  using  Kalman 
filter  estimations  was  made  in  ref  5  where  a  real¬ 
time  restitution  of  GPS  time  was  performed. 

Since  it  is  intended  that  GLONASS  will  be  instal¬ 
led  completely  in  1996,  it  seems  now  to  be  suitable 
to  use  the  combination  of  both  systems.  In  this  com¬ 
bination  a  larger  number  of  satellites  is  available 
leading  to  higher  accuracy  and  availability.  Thus  it 
will  be  possible  to  reduce  SA  using  GLONASS  for  a 
database  to  determinate  an  optimal  filter  for  the 
treatment  of  GPS  data  with  S  A. 

The  model  presented  here  applies  a  combined 
filter  algorithm  derived  from  Kalman  filter  tech¬ 
niques  for  the  suppression  of  SA  and  additional 
noise  filtering.  In  this  way  it  is  possible  to 
enhance  the  accuracy  and  the  predictability  of  the 
position  even  if  GLONASS  is  unavailable  for 
certain  times.  Also  this  method  may  make  it 
easier  to  track  GLONASS  satellites. 

To  make  this  procedure  treatable  for  the  stand-alone 
user  an  accurate  treatment  of  signal  input  by  the 
receiver  hard-  and  software  becomes  pertinent  for 
the  present  GPS  or  GLONASS  and  especially  for 
future  satellite  navigation  systems.  Thus  suitable 
receivers  for  simultaneous  use  of  these  s>^stems  must 
be  available.  A  description  of  new  receiver  develop¬ 
ment  for  this  purpose  can  be  found  in  refs.  6  and  7. 


2.  GPS  AND  SELECTIVE  AVAILABILITY 

NAVSTAR  GPS  is  has  reached  already  the  fully 
operational  phase  with  24  [block  2]  satellites  in 
operation.  As  it  is  well  known  satellites  have  an 
orbital  altitude  of  20200  km  and  a  orbital  period  of 
12  h.  For  the  carrier  frequencies  the  two  bands  LI 
in  the  range  1565.2  -  1585.7  Mhz  and  L2  in  the 
range  1217.4  -  1237.8  were  used.  Besides  the  P- 
code  used  for  mainly  military  purposes  the  C/A 
code  is  available  for  civil  applications.  For  this  code 
the  US  Department  of  Defense  implemented  an  arti¬ 
ficial  error,  the  Selective  Availability  (SA)  to  degra¬ 
de  the  GPS  signal  derived  security.  This  is  accom¬ 
plished  by  manipulations  of  broadcast  ephemeris 
data  and  dithering  of  the  satellite  clock  (ref  4).  For 
non-differential  applications  of  GPS  the  SA  is  the 
largest  error  source.  While  the  UERE  (User  Equi¬ 
valent  Range  Error)  of  GPS  without  SA  is  in  the 
range  of  10  m,  SA  increases  the  UERE  to  the  range 
of  25-100  m.  A  detailed  dicussion  of  SA  effects  can 
be  found  in  ref  4  and  the  literature  cited  there. 

Even  for  the  application  of  differential  GPS  the  SA 
influences  accuracy  as  shown  in  fig.  1  where  the 
range  error  in  dependence  on  the  time  since  update 
of  correction  data  is  plotted.  It  can  be  seen  that  due 
to  SA  a  rapid  increase  of  this  error  occurs.  Thus 
transmission  speed  and  data  rate  are  determined  to 
a  large  extent  by  SA.  Without  this  perturbations 
requirements  on  these  parameters  would  be 
considerably  less  strict. 

Therefore  it  is  of  great  interest  to  find  procedures  to 
suppress  or  minimize  SA  influence.  Models  of  SA 
based  on  observations  was  developed  by  Braasch 
(ref  1)  and  others  (see  e.g.  refs,  5,  8).  However,  for 
^1  investigations  open  questions  remain  whether 
SA  is  equal  for  all  satellites ,  whether  SA  is  a  statio¬ 
nary  random  process,  and  what  is  the  orbital  SA. 


Fig.l:  Errors  versus  time  in  DGPS  due  to  SA  (ref.3) 
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3.  GLONASS  AND  COMBINATION  WITH  GPS 

For  the  treatment  of  the  problems  described  above  until 
now  only  GPS  data  were  used.  Since  it  is  intended  to 
operate  GLONASS  fully  during  1996  it  should  be 
considerable  to  use  also  this  system  for  SA  suppression. 

The  complete  system  will  consist  of  24  satellites  in 
nearly  circular  orbits  with  an  altitude  of  19130  km  and 
an  orbital  period  of  1 1.25  h  (refs.  6,  7,  9,  10).  The  incli¬ 
nation  of  64.8°  leads  to  a  higher  visibility  of  these 
satellites  in  northern  regions  where  the  coverage  by  GPS 
satellites  is  reduced. 

In  contrast  to  GPS  ,  whose  satellites  transmit  on  the 
same  frequency  using  different  codes  to  distinguish 
between  satellites,  GLONASS  satellites  use  the  same 
code  sequence,  but  transmit  on  different  frequencies. 
These  frequencies  are 

fit  =  1602  +  k  0.5625  Mhz  for  the  LI  frequency  band 
fit  =  1246  +  k  0.4375  Mhz  for  the  L2  frequency  band 

where  k  is  the  satellite  frequency  number.  Also  the 
orbital  information  is  different  from  that  of  GPS  (ref  9). 
A  further  difference  to  GPS,  which  is  advantageous  for 
the  use  of  GLONASS  satellites,  is  the  absence  of 
techniques  like  SA.  Thus  the  GLONASS  positioning 
solution  is  more  coherent  than  a  GPS  solution.  The 
UERE  due  to  GLONASS  is  in  the  range  of  9  m  which  is 
slightly  larger  than  the  UERE  of  GPS  without  SA.  This 
is  caused  by  the  fact  that  the  ionospheric  delay  is  not 
corrected. 


Fig.2:  Position  Errors  for  GPS,  GLONASS,  and 
GLONASS/GPS  (ref.6) 


With  respect  to  coordinate  transformation,  ephemcris 
transformation,  and  time  transformation  between  GPS 
and  GLONASS  differences  can  be  tolerated  or  can  be 
handled  by  special  algorithms  (e  g.  Kalman  filter  tech¬ 
niques  for  time  transformations).  Thus  the  combined  use 
of  GPS  and  GLONASS  in  an  integrated  system  is  consid¬ 
erable.  Since  now  receivers  are  available  which  arc  sui¬ 
table  for  parallel  tracking  of  satellites  in  both  systems 
measurements  can  be  performed  easily.  An  example  of 
such  measurements  is  shown  in  fig.2  where  position 
measurements  were  made  with  the  RlOO  receiver  of  the 
company  3S  Navigation  (rcf6).  The  graphs  show  the 
different  paths  of  position  errors  for  GPS,  GLONASS 
alone,  and  for  the  combination  of  GPS/GLONASS  vary¬ 
ing  with  time.  It  can  be  seen  that  position  errors  of  GPS 
are  mostly  within  a  circle  of  50  m  while  GLONASS  and 
the  combination  are  within  a  circle  of  5  m  which  is  1/10 
of  GPS  error.  This  figure  shows  impressively  the 
advantage  of  the  combined  system.  Altogether  the 
advantages  of  the  combined  use  of  GPS/GLONASS  are 

•  simultaneous  visibility  of  more  satellites  (>  5) 

•  improvement  of  GDOP  (<  3) 

•  enhanced  accuracy  without  application  of  differential 
techniques 

•  Applicability  of  fast  algorithms  for  the  resolution  of 
phase  ambiguity  for  geodetic  applications  and  reduc¬ 
tion  of  measurement  time 

•  reduction  of  SA  effect  of  GPS 

•  enhancement  of  integrity 

•  enhancement  of  reliability 

Thus  the  use  of  a  combined  system  will  be  suitable  for 
future  applications. 

Nevertheless  there  remains  a  problem  in  time  ranges 
where  the  total  number  of  satellites  is  sufficient  for  an 
accurate  positioning  measurement  but  the  number  of 
available  GLONASS  satellites  is  too  small.  In  this  case 
accuracy  will  be  dominated  by  the  data  of  the  GPS 
satellites  such  that  an  instantaneous  change  in  the 
accuracy  will  occur  until  the  GLONASS  constellation  is 
usable  again. 

4.  MODEL  AND  FILTER  PROCEDURE 

To  bridge  this  gap  a  model  is  considered  which  uses  the 
GLONASS  data  for  the  filtering  of  SA  in  GPS  data. 
Based  on  this  filtered  data  it  is  possible  to  continue  the 
determination  of  position  using  GPS  data  including  SA 
with  the  accuracy  which  is  obtained  from  the  entire 
system.  When  the  GLONASS  constellation  is  favorable 
again  the  filter  will  be  calibrated  anew.  Fig.  3  shows  the 
processing  schedule  of  the  model.  For  a  first  time 
interval  and  a  fixed  user  position  both  GLONASS  and 
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Fig.  3  :  Schedule  for  the  development  of  the  filter  modell 


Fig.  4  :  Schedule  for  evaluation  of  an  optimal  filter 


GPS  data  are  collected  and  the  user  position  will  be 
determined  from  GLONASS  data.  This  is  the  data  base 
for  the  determination  of  an  optimal  filter.  The  filter 
procedure  chosen  is  an  algorithm  derived  from  a  Kalman 
filter  algorithm  which  was  developed  by  Richert  (ref  11). 
To  determinate  an  optimal  filter  for  the  problem  in  a  first 
step  the  SA  for  one  measurement  has  to  be  determinated. 
To  do  this  a  procedure  is  implemented  in  the  algorithm 
which  performs  the  following  minimization  problem: 

As  an  assumption  the  following  data  set  is  given: 


/q 

d^'%) 


time  interval  between  two  updates  of 
GPS  ephemerids 

time  of  signal  transmission  by  GPS 
satellites  j=l,.. .,4  including  SA 
pseudorange  determined  by  a  signal 
transmitted  by  satellite  j  at  time  Tq 


array  of  transmitted  pseudoranges  of  a 
set  of  instantaneous  measurements  of 
three  satellites 
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position  of  a  GPS  satellite  j  at  time 
in  WGS  84 


array  of  a  set  of  three  GPS  satellites 


u{s,  d)  position  of  the  user  determined  by  the 

vector  s  (which  consists  of  the  positions 
of  3  satellites)  and  the  vector  d  (which 
consists  of  the  pseudoranges  of  the 
3  satellites)  in  GPS 


Uqlomass  position  determined  by  GLONASS 

satellites  in  WGS  84; 


With  the  knowledge  of  this  data  set  we  can  determine  the 

time  to  to  be  a  minimal  point  of  the  following  minimi¬ 
zation  problem; 

min  1"  GLONASS 
At^TQ-sjQ+ey' 


Computing  this  minimization  problem  the  time  to 
obtained  then  represents  an  approximation  to  the  time 

which  is  the  true  point  of  time  of  signal  transmission 

for  the  GPS  signal.  For  the  transformation  of  GLONASS 
data  from  SGS-85  to  the  GPS  reference  system  a  first 
version  of  a  transformation  procedure  is  used  which  is 
under  development  by  the  authors.  Since  the  func¬ 
tionality  of  the  filter  algorithm  was  the  more  important 
aim  of  our  investigations  at  present,  some  inaccuracy  of 
the  transformation  was  neglected  for  the  moment. 

Repeating  these  computations  for  subsequent  time  steps  a 
data  set  is  obtained  which  defines  a  time  series  of  S A  and 
can  be  used  as  an  input  for  the  filter  procedure.  The  basic 
idea  of  this  procedure  is  that  the  data  to  be  identified  can 
be  considered  as  the  output  of  a  linear  filter  whose  input 
is  white  noise.  This  means  that  the  stochastic  models 
employed  here  are  based  on  the  idea  that  the  time  series 
in  which  successive  values  are  highly  dependent  on  the 
preceding  values  can  be  regarded  as  generated  from  a 
series  of  an  independent  white  noise  process  with  fixed 
normal  distribution  having  zero  mean.  So  this  white 
noise  process  is  supposed  to  be  transformed  to  the 
stochastic  process  by  a  linear  filter.  Thus  the  processes 
for  SA  filtering  can  be  described  by  an  auto-regressive, 
moving  average  (ARMA)  filter  model  (see  refs.  1,11)  of  a 


given  order.  For  the  filter  model  described  here  two  sets 
of  parameters  are  chosen  for  evaluation.  This  evaluation 
leads  to  the  optimization  of  the  entire  filter  procedure  for 
the  specific  SA  data  set  under  consideration  (see  fig.4). 

Following  fig.  3  after  optimization  and  test  a  filter 
mechanism  is  defined  which  also  can  be  applied  in  the 
case  where  position  determination  by  GLONASS  data  is 
not  possible.  Errors  due  to  SA  will  be  reduced  and  the 
accuracy  of  position  determination  will  increase.  Thus  it 
is  possible  to  bridge  the  time  gap  where  GLONASS  is 
not  available. 

To  the  filter  for  SA  reduction  a  post-processed  Kalman 
filter  procedure  can  be  added  which  was  also  evaluated 
by  the  authors.  In  this  combination  the  remaining  noise 
parts  of  the  signals  can  be  treated  and  a  further  reduction 
of  position  errors  is  possible. 

This  algorithm  implemented  in  receivers  with 
GPS/GLONASS  capability  should  help  the  users  to 
obtain  an  enhanced  accuracy  for  a  lot  of  applications 
without  the  need  of  differentia  services.  Applications  are 
considerable  in  all  areas  of  users  interests,  from 
aeronautics  to  marine  application  and  also  for  ground 
mobile  applications  where  additional  difficulties  may 
occur  by  e.g.  topographical  constraints.  In  this  case  the 
simultaneous  lack  of  a  sufficient  number  of  satellites  of 
GPS  and  GLONASS  can  be  mitigated  if  the  total  number 
of  GPS  and  GLONASS  satellites  is  sufficient  for  position 
determination  and  SA  will  be  reduced  by  the  filter 
procedure  described  here.  Even  if  differential  methods 
are  used  in  addition  the  procedure  described  above  may 
be  useful  for  the  reduction  of  the  requirements  on  the 
transmission  speed  and  the  data  rate  for  differential 
corrections. 

5.  FIRST  RESULTS 

In  a  first  step  this  filter  procedure  was  tested  with  respect 
to  its  functionality  and  efficiency.  To  perform  these  tests 
a  data  set  was  generated  which  is  representative  for  the 
behavior  of  SA.  This  was  done  by  the  use  of  data 
collected  in  ref  1.  To  test  the  filter  optimization  a  model 
was  chosen  which  was  a  mixture  of  two  models  used  in 
ref  1.  In  this  approach  additional  errors  like  ionospheric 
delay  could  be  excluded.  These  errors  have  to  be  treated 
separately.  For  the  timesteps  arbitrary  imits  were  chosen. 

Fig.  5  demonstrates  the  application  of  the  filter  proce¬ 
dure  to  SA.  The  SA  in  this  figure  is  a  composition  of  two 
types  of  SA,  which  are  well  identified.  The  type  changes 
in  point  400,  The  optimal  filter  is  determined  based  on 
the  time  steps  from  0  to  200.  For  the  rest  of  this  time 
series  this  optimal  filter  is  applied. 
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Fig.  5:  Pseudorange  Residuals  with  SA  turned  on 
and  pseudorange  residual  after  application 
of  an  optimal  filter  to  SA 


While  the  residuals  due  to  SA  comprise  a  large  range 
with  deviations  up  to  80  m,  the  application  of  the  optimal 
filter  leads  to  a  reduction  of  the  residual  caused  by  SA  to 
a  range  of  7-10  m  which  will  result  in  a  reduction  of 
about  a  factor  of  ten.  The  remaining  residual  is 
containing  only  the  noise  parts  of  the  signal. 


The  second  step  leads  to  a  reduction  of  the  influence  of 
the  noise.  As  described  above  Kalman  filtering  is  applied 
to  the  remaining  part  of  the  residual  in  fig.  5  which  is 
plotted  in  a  smaller  scale  in  fig.6.  The  application  of 
Kalman  filtering  can  be  seen  in  fig.  7.  The  residual  is 
smoothed  noticeably  and  a  reduction  of  about  a  factor  of 


Residual  [m]  ^5 


1000 


timesteps  [a.u.] 

Fig.  6:  Pseudorange  residual  after  application  of  an  optimal  filter  to  SA 

(Noise  contribution) 
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'  *  *  (^0  )  position  of  a  GPS  satellite  j  at  time 

in  WGS  84 


array  of  a  set  of  three  GPS  satellites 


n{s,d)  position  of  the  user  determined  by  the 

vector  s  (which  consists  of  the  positions 
of  3  satellites)  and  the  vector  d  (which 
consists  of  the  pseudoranges  of  the 
3  satellites)  in  GPS 


^GLONASS  position  determined  by  GLONASS 

satellites  in  WGS  84; 


With  the  knowledge  of  this  data  set  we  can  determine  the 

time  to  to  be  a  minimal  point  of  the  following  minimi¬ 
zation  problem: 


min 


^GLONASS 


-  u{s(Tq  +  A/),  j(/o  +  At)) 


Computing  this  minimization  problem  the  time  t  o 
obtained  then  represents  an  approximation  to  the  time 

/q  which  is  the  true  point  of  time  of  signal  transmission 
for  the  GPS  signal.  For  the  transformation  of  GLONASS 
data  from  SGS-85  to  the  GPS  reference  system  a  first 
version  of  a  transformation  procedme  is  used  which  is 
xmder  development  by  the  authors.  Since  the  func¬ 
tionality  of  the  filter  algorithm  was  the  more  important 
aim  of  our  investigations  at  present,  some  inaccuracy  of 
the  transformation  was  neglected  for  the  moment. 

Repeating  these  computations  for  subsequent  time  steps  a 
data  set  is  obtained  which  defines  a  time  series  of  SA  and 
can  be  used  as  an  input  for  the  filter  procedure.  The  basic 
idea  of  this  procedure  is  that  the  data  to  be  identified  can 
be  considered  as  the  output  of  a  linear  filter  whose  input 
is  white  noise.  This  means  that  the  stochastic  models 
employed  here  are  based  on  the  idea  that  the  time  series 
in  which  successive  values  are  highly  dependent  on  the 
preceding  values  can  be  regarded  as  generated  from  a 
series  of  an  independent  white  noise  process  with  fixed 
normal  distribution  having  zero  mean.  So  this  white 
noise  process  is  supposed  to  be  transformed  to  the 
stochastic  process  by  a  linear  filter.  Thus  the  processes 
for  SA  filtering  can  be  described  by  an  auto-regressive, 
moving  average  (ARMA)  filler  model  (see  refs.  1, 1 1)  of  a 


given  order.  For  the  filler  model  described  here  two  sets 
of  parameters  arc  chosen  for  evaluation.  This  evaluation 
leads  to  the  optimization  of  the  entire  filter  procedure  for 
the  specific  SA  data  set  under  consideration  (see  rig.4). 

Following  fig. 3  after  optimization  and  test  a  filter 
mechanism  is  defined  which  also  can  be  applied  in  the 
case  where  position  determination  by  GLONASS  data  is 
not  possible.  Errors  due  to  SA  will  be  reduced  and  the 
accuracy  of  position  determination  will  increase.  Thus  it 
is  possible  to  bridge  the  time  gap  where  GLONASS  is 
not  available. 

To  the  filter  for  SA  reduction  a  post-processed  Kalman 
filter  procedure  can  be  added  which  was  also  evaluated 
by  the  authors.  In  this  combination  the  remaining  noise 
parts  of  the  signals  can  be  treated  and  a  further  reduction 
of  position  errors  is  possible. 

This  algorithm  implemented  in  receivers  with 
GPS/GLONASS  capability  should  help  the  users  to 
obtain  an  enhanced  accuracy  for  a  lot  of  applications 
without  the  need  of  differential  services.  Applications  are 
considerable  in  all  areas  of  users  interests,  from 
aeronautics  to  marine  application  and  also  for  ground 
mobile  applications  where  additional  difficulties  may 
occur  by  e.g.  topographical  constraints.  In  this  case  the 
simultaneous  lack  of  a  sufficient  number  of  satellites  of 
GPS  and  GLONASS  can  be  mitigated  if  the  total  number 
of  GPS  and  GLONASS  satellites  is  sufficient  for  position 
determination  and  SA  will  be  reduced  by  the  filter 
procedure  described  here.  Even  if  differential  methods 
are  used  in  addition  the  procedure  described  above  may 
be  useful  for  the  reduction  of  the  requirements  on  the 
transmission  speed  and  the  data  rate  for  differential 
corrections. 

5.  FIRST  RESULTS 

In  a  first  step  this  filter  procedure  was  tested  with  respect 
to  its  functionality  and  efficiency.  To  perform  these  tests 
a  data  set  was  generated  which  is  representative  for  the 
behavior  of  SA.  This  was  done  by  the  use  of  data 
collected  in  ref.l.  To  test  the  filter  optimization  a  model 
was  chosen  which  was  a  mixture  of  two  models  used  in 
ref.l.  In  this  approach  additional  errors  like  ionospheric 
delay  could  be  excluded.  These  errors  have  to  be  treated 
separately.  For  the  timesteps  arbitrary  units  were  chosen. 

Fig.  5  demonstrates  the  application  of  the  filter  proce¬ 
dure  to  S A.  The  SA  in  this  figure  is  a  composition  of  two 
types  of  SA,  which  are  well  identified.  The  type  changes 
in  point  400.  The  optimal  filter  is  determined  based  on 
the  time  steps  from  0  to  200,  For  the  rest  of  this  time 
series  this  optimal  filter  is  applied. 
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Fig.  7:  Filtering  of  noise  contributions 


two  can  be  achieved  additionally.  Altogether  a  reduction 
of  SA  error  in  the  range  of  a  factor  of  20  could  be 
reached  in  this  tests. 

Of  course  further  work  has  to  be  performed  using  data 
from  direct  measurements  to  prove  the  algorithm  in 
practical  use.  To  do  this,  however,  models  of  other  error 
sources  have  to  be  implemented  in  the  procedures  in 
order  to  eliminate  these  errors  before  the  application  of 
the  filter  procedures.  This  work  is  done  at  present  and 
will  be  published  in  the  near  future. 

6.  CONCLUSIONS 

A  suitable  numerical  procedure  for  single  frequency 
users  was  presented  which  is  able  to  reduce  SA  errors. 
The  factor  of  reduction  can  be  estimated  to  be  in  the 
magnitude  of  ten.  Together  with  noise  filtering  a  factor 
of  20  can  be  achieved  for  the  entire  reduction. 

One  of  the  most  important  features  of  this  procedure  is 
the  use  of  combined  GPS/GLONASS  data  which  is 
suitable  for  the  calibration  of  the  filter. 

Besides  many  applications  in  the  area  of  single  frequency 
users  the  procedure  may  also  be  usable  for  differential 
services  in  order  to  reduce  the  requirements  on  the 
transmission  speed  and  the  data  rate. 

To  achieve  a  good  performance  of  this  procedure 
additional  work  like  e.g.  treatment  of  other  errors  for 
GLONASS  satellites  has  to  be  done.  Further  problems 
must  be  treated  with  respect  to  the  transformation  of  the 
different  geodetic  systems  of  GPS  and  GLONASS  which 
will  be  important  for  the  determination  of  SA  values. 


These  problems  are  handled  at  present  and  new  results 
can  be  expected  in  the  near  future. 
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